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Ozone is a strong oxidant used in water and wastewater treatment for disinfection, 
removal of taste, colour and odour and abatement of trace organic contaminants 
(TrOCs). TrOCs, such as pharmaceuticals, have been attracting growing attention in 
the last decades due to their widespread presence in the environment and their 
ecotoxicological effects. The ozone-induced oxidation of water constituents generates 
a very large number of known and unknown by-products, including bromate formed 
from bromide and structurally diverse transformation products of TrOCs. The mass 
transfer of ozone is important for both process efficiency and reaction pathways and 
is conventionally achieved via bubble-based systems. In order to address the major 
issues surrounding ozonation treatment, this PhD thesis investigated the abatement of 
TrOCs, the formation of ozonation products and the bubble-less transfer of ozone. 
A multi-compound ozonation study was performed by utilising liquid 
chromatography-mass spectrometry to provide a large dataset on the ozone reactivity 
of environmentally relevant TrOCs. The ozonation of 90 compounds with diverse 
chemical structures was studied in pure buffered water, tap water and wastewater 
effluent at three specific ozone doses and three pH levels. A review of the literature 
revealed that little information is known on the ozonation kinetics of illicit drugs and 
their metabolites. The experiments showed that most illicit drugs, such as cocainics, 
amphetamines and ecstasy-group compounds, are ozone-resistant.  
In addition to the reactivity of the parent compounds, investigating the biodegradation 
of ozonation products of TrOCs is important to assess the efficiency of advanced 
treatment schemes involving ozonation and a subsequent biofiltration step. A 
Continuous Ozonation merged with Biofiltration (COMBI) laboratory system was 
developed to perform investigations that were previously only feasible at large-scale 
or pilot-scale plants. After an equilibration time of three weeks, biodegradable 
ozonation products, for example the main product of carbamazepine, were removed 
in the sand filtration columns. In contrast, other compounds, such as trifluoroacetic 
acid formed from fluoxetine, passed through the columns at unchanged 
concentrations. 
The abatement of TrOCs using ozone requires the design of efficient ozonation 
processes. The use of membrane contactors for the bubble-less transfer of ozone into 
iv 
 
water and wastewater is a promising alternative to conventional bubble-based 
methods. Polymeric membranes made of polydimethylsiloxane (PDMS) and 
polytetrafluoroethylene (PTFE) were tested in a single tube membrane contactor and 
in a multi-tube hollow fibre module. High removals of TrOCs at their inherent 
concentrations in wastewater effluent were achieved using membrane ozonation. 
However, the analysis of bromate formation in bromide-containing groundwater 
indicated that the non-uniform distribution of ozone inside a membrane contactor can 
lead to elevated bromate concentrations that exceed the regulatory limit of 10 μg L−1.  
Finally, a case study for the ozonation of a specific group of substances was 
conducted. The study focused on the ozonation kinetics and transformation products 
of substituted furans. Despite being a widespread moiety in natural and synthetic 
chemicals, the aqueous ozonation of furan rings was previously poorly understood. 
The analysis of transformation products targeted α,β-unsaturated dicarbonyl 
compounds, which are well known toxicophores. The formation of 2-butene-1,4-dial 
and other α,β-unsaturated dicarbonyls was demonstrated in aqueous ozonation for the 
first time. Despite the low yield of these substances, which reached maximum values 
of 7%, their high toxicity raises concern about their presence in treated water. 
Overall, this thesis achieved a better understanding of the ozone reactivity and 
transformation products of TrOCs, including compound classes such as illicit drugs 
and substituted furans that had not been studied comprehensively with ozone before. 
In addition, the developed experimental setups can facilitate future research on 
ozonation-biofiltration treatment and on bubble-less transfer of ozone. The results of 
this thesis have led to three publications in peer-reviewed journals, while two further 
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Chapter 1: Introduction and general 
literature review 
 
Ozone is an oxidant and disinfectant widely used in water and wastewater treatment. 
Ozonation is one of the most promising technologies for the abatement of trace 
organic contaminants, such as pharmaceuticals. This PhD thesis investigates the 
implications of ozonation products and ozone mass transfer for the treatment of water 
and wastewater. The Introduction gives an overview on water and wastewater 
treatment, followed by the background of ozone science and engineering and of trace 
organic contaminants in the water cycle. The aim of the Introduction is to set the 
research conducted as part of this thesis into context, and to present the objectives that 
the research pursued. A specific introduction and literature review on each research 
topic is included in the corresponding chapter (Chapters 2 to 5). 
 
1.1 Water treatment 
Water treatment is the processing of water to achieve a water quality that meets the 
standards set by the end users through their regulatory agencies (1). The production 
of water that is safe to drink and aesthetically pleasing is often achieved through a 
treatment train at a water treatment plant (or waterworks), where a number of 
processes remove different water constituents, including particles, natural organic 
matter, anthropogenic chemicals, bacteria and viruses (2). 
An overview of commonly used water treatment processes is presented in Table 1.1.1. 
A conventional treatment train for surface water consists of coagulation, flocculation, 
sedimentation, granular media filtration and disinfection (3). In addition to 
conventional treatment, the application of advanced treatment may be necessary for 
various reasons such as corrosion control or removal of pesticides. Advanced 
treatment processes include softening, ion-exchange, adsorption, membrane filtration 
and chemical oxidation (2). 
Disinfection refers to the inactivation of microorganisms in water, so that they are no 
longer able to cause disease to the consumers. The five main disinfectants used for 
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drinking water production are free chlorine, combined chlorine (chloramines), 
chlorine dioxide, ozone and ultraviolet (UV) light (4). Chemical oxidation processes 
are used for the oxidation of reduced inorganic species (e.g. iron and manganese), 
synthetic organic compounds (e.g. pesticides and industrial chemicals) and 
compounds imparting taste and odour to the water. Many oxidants also have 
disinfecting properties. The most common chemical oxidants used in water treatment 
are chlorine, ozone, chlorine dioxide and permanganate (5). In addition to those, 
advanced oxidation processes (AOPs) are based on the generation of reactive radical 
species, predominantly hydroxyl (OH) radicals. While some AOPs are well-
established (e.g. UV/hydrogen peroxide and ozone-based AOPs), numerous others are 
still in the development stage (6, 7). 
Table 1.1.1. Overview of processes used in water and wastewater treatment. Adapted 
from (2, 8). 




















Rapid sand filtration 
















Nutrient removal processes 
Chemical oxidation/disinfection 
The dissolved organic matter (DOM) present in water sources has important 
implications for water quality and treatment. DOM in natural waters consists mainly 
of natural organic matter (e.g. humic substances) and is a complex mixture of aromatic 
and aliphatic hydrocarbons with various functional groups attached (9). In the 1970s 
it was discovered that the reaction of natural organic matter with chlorine can lead to 
the formation of disinfection by-products (DBPs) that are a hazard to human health 
and should, thus, be regulated (10). Since then, more than 700 by-products of different 
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disinfectants have been identified, but only a fraction of them has been rigorously 
studied and characterised (11, 12).  
New challenges for water treatment are constantly arising. The decreasing availability 
of high-quality water sources as a result of population growth, urbanisation and 
climate change is driving the utilisation of alternative water resources (e.g. treated 
wastewater) and the implementation of advanced water treatment schemes. Moreover, 
‘contaminants of emerging concern’ are naturally-occurring or manmade chemicals 
or materials which have been recently discovered or are suspected to be present in 
various environmental compartments, and which may affect living organisms (13). 
These include, among many others, pharmacologically active compounds, 
nanomaterials and microplastics (14). Contaminants of emerging concern are usually 
not regulated but can affect future legislation and water treatment practice (see also 
Sections 1.5 and 1.6). 
 
1.2 Wastewater treatment 
Wastewater is defined as used water from any combination of domestic, industrial, 
commercial or agricultural activities, surface runoff/stormwater, and any other sewer 
inflow or infiltration (15). In many industrialized countries, wastewater is transported 
to wastewater treatment plants where it is treated before being discharged into the 
environment or reused. The primary aims of wastewater treatment are to protect the 
environment from pollution and to safeguard public health, with a secondary aim 
being the generation of valuable end-products such as reusable water (16). 
Wastewater treatment can be achieved using several physical, chemical, thermal and 
biological processes and is commonly divided into primary, secondary and tertiary 
treatment. An overview of commonly used wastewater treatment processes is 
provided in Table 1.1.1. Primary treatment is employed for removal of large solids, 
suspended solids and floating materials. Secondary treatment comprises biological 
processes to remove organic matter and nutrients. Tertiary treatment is intended for 




Nowadays, tertiary (or advanced) wastewater treatment is often considered necessary 
to protect ecosystems, as well as drinking water resources, from an ever-increasing 
number of anthropogenic chemicals of which wastewater treatment plants are a major 
source of emission (17, 18). This becomes especially important in wastewater reuse 
applications, where the treated effluent needs to meet strict quality standards (19). The 
DOM in wastewater effluent is termed effluent organic matter and consists of natural 
organic matter, soluble microbial products and trace chemicals (20). Among other 
technologies, chemical oxidation of secondary treated wastewater can degrade 
organics using permanganate, chlorine, chlorine dioxide, ozone, hydrogen peroxide 
and AOPs (21). 
 
1.3 Ozonation processes 
Ozone is a highly toxic, oxidizing gas, that is named after its strong smell. It is 
produced naturally by the discharge of lightning and artificially by the discharge of 
electricity in the presence of oxygen (22). Ozone was discovered in 1839, while the 
first full-scale water disinfection unit using ozone was installed in 1906 in Nice, 
France (23). 
Ozonation is used in both water and wastewater treatment for disinfection, oxidation 
of inorganic compounds, oxidation of organic compounds (including improvement of 
taste, odour and colour and abatement of trace organic contaminants) and particle 
removal (22). An important difference of ozone from chlorine-based disinfectants is 
its short lifetime which means that it cannot be used to maintain a disinfectant residual 
in the water distribution network (24). The ozonation process can be located at 
different points of the treatment train (pre-ozonation, intermediate ozonation, post-
ozonation) depending on the treatment goals and the other processes employed (22, 
25). Two typical treatment trains that include ozonation are shown in Figure 1.3.1. 
The primary operational costs of ozonation plants are energy and oxygen supply (26). 
Within the last thirty years, the cost efficiency of ozone production has improved and 
the worldwide ozone capacity for water and wastewater treatment has increased, with 
numerous facilities in France, Germany, the Netherlands, Switzerland, Japan, the 





Figure 1.3.1. Example of a treatment train for drinking water production and of one 
for wastewater treatment, both including an ozonation step. Adapted from (22, 25). 
Figure 1.3.2 demonstrates the main components of an ozone process. Since ozone is 
an unstable gas, it must be generated on-site from air or oxygen. After generation, 
ozone is transferred into the water. This is most commonly achieved either through 
counter-current multistage bubble contactors using gas diffusers, or through Venturi-
type in-line gas injection systems (28). The off-gas is usually treated to destroy 
residual ozone and is then vented into the atmosphere or recycled, either in the 
ozonation process or in other processes of the treatment plant (29). 
 
Figure 1.3.2. The primary components of an ozone process, adapted from (28). Three 
options for feed gas supply are shown (A, B and C), along with two alternatives for 




Many parameters affect the transfer of ozone from the gas phase into the liquid phase. 
They include process parameters (e.g. gas and liquid flow rates), physical parameters 
(e.g. density, viscosity and surface tension of the liquid phase), reactor geometry (e.g. 
reactor dimensions and type of stirring) and reactions in the liquid phase (30). In 
conventional ozone contactors the mass transfer interface is in the form of bubbles, 
with smaller bubble sizes resulting in higher mass transfer rate, while also being more 
costly to achieve (31). An alternative approach, not yet implemented in large-scale 
applications, consists in bubble-free transfer of ozone by using membrane contactors 
equipped with ozone-permeable membranes (32). 
Table 1.3.1 provides an overview of important parameters for ozonation processes. 
The applied ozone dose depends on the treatment objective and the water feed 
characteristics, and impacts the operational and capital costs of ozonation plants (26). 
The concept of ct (disinfectant concentration multiplied by the available contact time) 
is used to assess disinfection, based on reported ct-values for a given degree of 
inactivation of a specific microorganism (33). 
Table 1.3.1. Important parameters in ozonation processes and the equations used for 
their calculation in continuous-flow systems. Adapted from (34). 
Parameter Symbol (units) Equation 
Applied ozone dose I (mg L−1) I =
QG
QL
× cGo                          (1.3.1) 
Absorbed or transferred 
ozone dose 
A (mg L−1) A =
QG
QL
× (cGo − cGe)         (1.3.2) 
Consumed ozone dose D(O3) (mg L−
1) D(O3) = A − cLe                   (1.3.3) 






      (1.3.4) 
ct-value ct (mg L−1 s) ct = cL × tH                           (1.3.5) 
QG (L s−1) gas flow rate; QL (L s−1) liquid flow rate; cGo (mg L−1) influent-gas 
concentration; cGe (mg L−1) effluent-gas concentration; cL (mg L−1) liquid concentration in 
reactor; cLe (mg L−1) effluent-liquid concentration; tH (s) hydraulic retention time. 
 
1.4 Ozonation chemistry 
Ozone is unstable in water and decomposes into OH radicals via a radical chain 
mechanism. Different substances can initiate, promote or terminate the chain reaction 
7 
 
(e.g. hydroxide ions, humic acids and alcohols). The following overall reaction can 
be deduced from the complex radical pathway (35): 
3 O3 + OH− + H
+ → 2 OH• + 4 O2           (1.4.1) 
The Rct value, corresponding to the ratio of the OH radicals concentration to the ozone 
concentration, depends on water properties, for example pH, alkalinity and 
concentration of DOM (36, 37). While disinfection occurs mainly through ozone, 
oxidation processes occur through both ozone and OH radicals (38). As an 
electrophile, ozone is a selective oxidant which reacts preferentially with electron-rich 
moieties, including activated aromatic rings, deprotonated amines and olefins. OH 
radicals react fast with almost all organic moieties (39). Ozone can be used with 
addition of hydrogen peroxide (peroxone process) or UV irradiation to increase the 
production of OH radicals in order to degrade ozone-resistant contaminants (38). 
The ultimate goal of the oxidation of pollutants is to mineralise them, namely to 
convert them into simple inorganic molecules (carbon dioxide, water, etc.) (40). 
Ozonation treatment with typical ozone doses results in little mineralisation of DOM, 
however it does enhance its biodegradability (i.e. it increases the biodegradable 
dissolved organic carbon and the assimilable organic carbon) (41). The reactions of 
ozone with DOM generate low molecular weight, polar, oxygen-rich by-products, 
including aldehydes and carboxylic acids (42, 43). Ozonation is commonly followed 
by a polishing step or post-treatment (see Figure 1.3.1), such as sand filtration or 
biological activated carbon filtration (44). Thereby, most ozonation by-products can 
be removed through biodegradation, to minimise the risk of bacterial regrowth in 
drinking water distribution systems or effluent receiving waters (45, 46). 
The main ozonation by-product of concern is bromate (BrO3−), which is subject to 
regulations and a drinking water guideline value of 10 μg L−1 set by the World Health 
Organization (WHO) (47). Bromate is formed in the ozonation of waters containing 
bromide, which stems from both natural and anthropogenic sources, such as industrial 
wastewater and landfill leachate (48). Bromate is hard to remove with filtration post-
treatment, thus it is more economical to minimise its formation during ozonation. This 
can be achieved by addition of ammonia or hydrogen peroxide, or by pH 
depression (33). An alternative strategy is reducing the level of bromide prior to 
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ozonation (49, 50). Finally, optimizing the reactor configuration can help inhibit 
bromate formation by resolving flow issues and allowing the use of lower ozone doses 
or reaction times (51). A promising technology in this regard is the bubble-less 
transfer of ozone into the water using membrane contactors (52). 
Another class of by-products of concern for ozonation are nitrosamines, especially N-
nitrosodimethylamine (NDMA). The WHO drinking water guideline value for 
NDMA is 0.1 μg L−1 (47). NDMA is formed from the ozonation of several amine 
precursors, with high yields observed for hydrazines and sulfamides (53, 54). 
However, ozonation is usually not a major pathway of NDMA formation, since 
nitrosamines are mainly associated with chloramination (55). In addition, the NDMA 
formed in ozonation can be removed by sand filtration post-treatment (56). 
Overall, as with other disinfection and chemical oxidation processes, ozonation needs 
to be optimized to achieve treatment goals whilst mitigating hazardous by-product 
formation (57). 
 
1.5 Trace organic contaminants 
Trace organic contaminants (TrOCs) or organic micropollutants (OMPs) are organic 
compounds which can be found at trace concentrations (ng L−1 to μg L−1) in the 
influent and the effluent of wastewater treatment plants, as well as in the environment, 
and even in drinking water (58-60). Despite their very low concentrations, TrOCs 
pose a threat to organisms and entire ecosystems due to their endocrine-disrupting 
action and synergistic toxicity (61, 62). Many TrOCs are considered persistent 
because they are not readily attenuated by natural processes in the environment and 
the engineered processes of water and wastewater treatment (63). Those TrOCs that 
can be degraded are termed pseudo-persistent, because their continuous release from 
various sources can still lead to environmental occurrence (64). TrOCs are often 
considered contaminants of emerging concern (65), even though some of them have 
now been studied for several decades (66). 
TrOCs include numerous classes of compounds: pharmaceuticals, personal care 
products, hormones, illicit drugs, pesticides, household chemicals and more. 
Pharmaceuticals have attracted particular attention because they are designed to have 
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biological action (67). They are present in crude wastewater due to incomplete 
metabolism in the human body and direct disposal of unused or expired substances 
into the sewer system (68). A related class of TrOCs gaining attention in recent years 
are illicit drugs, but there is still limited information on their fate in the water 
cycle (69-72). 
Transformation products (TPs) of TrOCs are the compounds created as TrOCs are 
degraded via chemical and biological processes, including human metabolism, biotic 
and abiotic processes in the environment, and water and wastewater treatment (73, 
74). Figure 1.5.1 shows the main transformation processes of TrOCs as part of their 
pathways from their major sources into environmental compartments and, potentially, 
into the water distribution network. These processes involve several types of 
reactions, such as conjugation, oxidation, reduction, hydrolysis and photolysis 
resulting in structurally diverse TPs (75). The contribution of TPs to the 
environmental risk posed by the parent compounds needs to be considered, taking into 
account their formation yield, potential toxicity, persistence and mobility (76). The 
current deficit regarding this information hinders the inclusion of TPs in 
environmental risk assessments and chemicals regulations (77), with a notable 
example being the REACH regulation of the European Union (EU) (78). 
 
Figure 1.5.1. Major sources, pathways and transformation processes of trace organic 
contaminants in water and wastewater treatment and in the environment. Other sinks 
such as adsorption in soil are not shown. 
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1.6 Abatement of trace organic contaminants 
The release of certain TrOCs into the environment can be mitigated through source 
control (or input prevention) strategies, such as changes in consumer behaviour and 
design of substances that can be easily removed with wastewater treatment (‘benign 
by design’) (79). However, source control is a long-term strategy, which needs to be 
complemented by effective end-of-pipe treatment. The fate of different TrOCs in 
conventional wastewater treatment plants depends on their physical, chemical and 
biological properties and ranges from no removal to complete removal (80). 
Upgrading treatment plants with advanced technologies for the elimination of TrOCs 
is widely investigated and has already been implemented in some countries, for 
example Switzerland (81). The main methods being considered are ozonation and 
other AOPs, activated carbon adsorption (powdered or granular) and membrane 
filtration (nanofiltration or reverse osmosis) (82-84). 
Figure 1.6.1 presents the main criteria for the assessment of advanced treatment 
technologies for the removal of TrOCs from water or wastewater. Each technology 
has advantages and disadvantages, regarding its capital and operational costs, 
efficiency, feasibility and associated environmental effects. The high performance of 
a certain technology should not compromise the affordability of water or sanitation 
services, nor should it be outweighed by the negative effects of energy- and chemical-
intensive treatment on the wider environment (85, 86). For example, nanofiltration 
and reverse osmosis are cost-intensive due to high energy consumption and generate 
a concentrated waste stream which needs to be treated (84). The main drawback of 
ozonation is the formation of known and unknown by-products, but it remains one of 
the best candidates for large-scale abatement of TrOCs (87). 
The principle driver for the implementation of advanced treatment is or will be 
legislation that aims to protect human and environmental health. In 2015 the European 
Commission published its first Watch List of substances that may pose a significant 
risk to or via the aquatic environment for EU-wide monitoring (88), with an updated 
version in 2018 (89). The current list includes hormones, antibiotics and pesticides. 
Since 2016, Switzerland has implemented one of the most comprehensive 
management strategies for TrOCs worldwide, which involves relevant legislation and 
the upgrade of about 100 wastewater treatment plants (81). It is expected that future 
11 
 
regulations will become tighter in more countries, enforcing toxicologically-based 
limits for the concentration of TrOCs in aqueous matrices and further driving the 
implementation of mitigating measures, including advanced treatment (90, 91). 
 
Figure 1.6.1. Criteria for the selection of advanced treatment technologies for the 
removal of trace organic contaminants from water or wastewater. Legislation is shown 
as the main driver of change. Adapted from (87). 
 
1.7 Ozonation of trace organic contaminants 
The reactivity of TrOCs with ozone is typically expressed with second order rate 
constants (kO3 in M−
1 s−1). Depending on the molecular structure of the compound, 
these vary over 10 orders of magnitude, while they are also affected by temperature 
and pH (92). Several compilations of rate constants for reactions of TrOCs with ozone 
exist in the literature, for example (93, 94), while more are constantly being reported. 
Kinetic parameters, combined with characteristics of the water matrix, can be used to 
predict the abatement of TrOCs in ozonation treatment (95, 96). 
In addition to kinetics, the advancement of analytical techniques has enabled the 
development of a large dataset of ozonation products of TrOCs (97-99). Some 
examples of the products formed from compounds containing five major ozone-
reactive functional groups are presented in Table 1.7.1. Ozonation products may have 
a structure very similar to that of the parent compound (e.g. containing just one 
additional oxygen atom) or may be substantially different (e.g. after cleavage of 
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carbon-carbon bonds). The formation and the potential removal through further 
reaction with ozone of ozonation products depend on the applied ozone dose (100). 
Table 1.7.1. Main ozonation products of trace organic contaminants grouped 





Example trace organic 
contaminant 
Olefins 
Aldehydes, ketones and 
carboxylic acids formed 


















and carboxylic acids 








Despite the existing knowledge on ozonation products, certain compound classes of 
TrOCs were until recently overlooked or remain understudied. For example, the 
ozonation of five-membered heterocycles containing nitrogen (azoles) was only 
recently elucidated (101). The aqueous ozonation chemistry of five-membered 
heterocycles containing an oxygen atom (furans) is poorly understood. New 
information is still emerging on the oxidative transformation of well-investigated 
compounds, including phenols (102), and aliphatic amines (103). 
Furthermore, the vast majority of relevant studies focus on the molecular structure of 
ozonation products, with only a few looking into their properties, such as toxicity, 
biodegradability and fate in post-ozonation processes (104-107). This information is 
crucial to assess the environmental risk posed by ozone TPs and whether mitigating 
measures are required. The levels of ozonation products of TrOCs could potentially 
be controlled either during the ozonation treatment (e.g. through optimisation of 
operational parameters or alternative ozone systems) or via ozonation post-treatment 
(e.g. sand filtration) (108, 109). Figure 1.7.1 summarises the different products formed 
in ozonation and some strategies which can be applied to manage the potential risk 
posed by them. 
 
Figure 1.7.1. Formation of transformation products and disinfection by-products 
during ozonation, adapted from (110), alongside strategies to minimise their release 






1.8 Aims and objectives 
The aim of this PhD thesis was to investigate the implications of trace organic 
contaminant degradation, ozonation product formation and ozone mass transfer for 
water and wastewater ozonation treatment. This aim was addressed through the 
following objectives: 
• Conduct single and multi-compound ozonation studies focusing on trace organic 
contaminants whose ozone reactivity and transformation products were 
previously unknown or poorly understood. 
• Investigate the properties of ozonation products of trace organic contaminants, 
focusing on biodegradability and toxicity. 
• Develop a lab-based system to combine ozonation with continuous long-term 
biofiltration, which was previously only feasible at pilot- or large-scale plants. 
• Investigate non-traditional methods for transferring ozone gas into the water, 
using porous and non-porous membranes. 
• Explore the potential of biofiltration post-treatment and bubble-less ozone 
transfer to reduce the formation or discharge of ozone transformation products 
and by-products. 
 
1.9 Outline of the thesis 
This thesis was written in the alternative format. Chapter 1 provides a general 
introduction on ozonation and trace organic contaminants and presents the aims and 
objectives of the research. Chapters 2 to 5 consist of research results, presented either 
in paper format for publication in peer-reviewed journals (Chapters 2, 3 and 5), or in 
conventional thesis chapter format (Chapter 4). Each chapter contains an introductory 
section reviewing relevant literature, a methods section, a results and discussion 
section, a conclusions section and a Supplementary Information (SI) section or 
Appendix. 
In Chapter 2 a large database of both literature and experimental data was compiled 
for 90 structurally diverse TrOCs, with a focus on less studied compound classes 
including illicit drugs and their metabolites. 
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Chapter 3 describes a novel laboratory setup that was designed to facilitate research 
on the fate of ozonation products of TrOCs in sand filtration post-treatment. Five 
selected TrOCs and their ozonation products were investigated in two case studies, 
one for tertiary wastewater treatment and one for water purification.  
In Chapter 4 bubble-less ozonation using membrane contactors was investigated as an 
alternative to the traditional ozone bubbling approach. The mass transfer mechanisms 
of ozone, the abatement of trace organic contaminants and the formation of bromate 
were studied in two membrane ozonation setups: a single tube contactor with a non-
porous membrane and a hollow fibre module with multiple porous membranes. 
In Chapter 5 furan derivatives were targeted as a class of trace organic contaminants 
with poorly understood ozonation chemistry. Both the kinetics and the transformation 
products of the ozonation of furans were studied. Using a recently developed 
analytical approach, the formation of α,β-unsaturated dicarbonyls with 
ecotoxicological relevance was analysed. 
Chapter 6 contains general conclusions drawn from the work presented in this thesis 
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Chapter 2: Simultaneous ozonation of 90 
organic micropollutants including illicit 
drugs and their metabolites in different 
water matrices 
 
This chapter is presented in publication format. This work was published in 
Environmental Science: Water Research & Technology (RSC) in April 2020 (DOI: 
https://doi.org/10.1039/D0EW00260G). An additional Supporting Information file in 
xlsx format was not included in the thesis but is available online. 
 
Context: The number of chemical compounds that are classified as organic 
micropollutants is so large, that decades of research on their oxidation treatment have 
yet to elucidate the ozonation of all compound classes that are relevant for the water 
cycle. The group of Prof Kasprzyk-Hordern has developed a number of liquid 
chromatography-mass spectrometry (LC-MS) methods for the multi-residue analysis 
of organic micropollutants in different matrices. Using one of these methods for 
analysis allowed us to perform a multi-compound ozonation study for a set of 90 
organic micropollutants. We thus compiled a large database of both literature and 
experimental data on the ozone reactivity of a high number of structurally diverse 
compounds, including several understudied micropollutants such as illicit drugs and 
their metabolites. 
Note: The term ‘organic micropollutant’ is used in this chapter as synonymous to the 
term ‘trace organic contaminant’ that is used elsewhere in this thesis. 
 
Contributions: The following work was performed by the author of this thesis under 
the supervision of Dr Jannis Wenk and the co-supervision of Prof Barbara Kasprzyk-
Hordern: 
• Literature research 
• Analysis of experimental data 
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• Data interpretation and visualisation, and writing the manuscript 
Fernanda Siqueira Souza performed the batch ozonation experiments. Liquid 
chromatography-mass spectrometry analysis of samples was conducted by the BKH 
group (Dr Bruce Petrie).  
First authorship of the manuscript is shared between the author of this thesis and 
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The ozonation of 90 chemically diverse organic micropollutants (OMPs) including 
four classes of illicit drugs and their metabolites was studied in pure buffered water, 
tap water and wastewater effluent at three specific ozone doses and three pH levels. 
The second order rate constants for the reaction of 40 OMPs with ozone were known 
and span across 8 orders of magnitude, from below 1 M−1 s−1 to above 107 M−1 s−1. 47 
of the tested OMPs were removed to at least 90% at the highest specific ozone dose 
of 0.3 mM O3 (mM C)−
1 at pH 7. However, most illicit drugs, including cocainics, 
amphetamines and ecstasy-group compounds, were ozone-resistant due to their lack 
of ozone-reactive functional groups. Exceptions included some opioids and the 
cocaine biomarker anhydroecgonine methylester which contain olefinic bonds and/or 
activated benzene rings. Different removal trends at different pH for OMPs were due 
to the combined effect of target compound speciation and ozone stability, leading to 
elimination of less than 70% for all OMPs at pH 11. In both tap water and wastewater 
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effluent scavenging by matrix components led to lower ozone exposure compared to 
pure buffered water and consequently lower removal of OMPs. This multi-compound 
ozonation study utilised liquid chromatography-mass spectrometry to provide a large 
dataset on the removal of environmentally relevant OMPs, including those of interest 
for drinking water regulations. Besides including pharmaceutically active compounds 
that have not been studied with ozone before (e.g. gliclazide, anhydroecgonine 
methylester, quetiapine, 6-monoacetylmorphine), this study simultaneously shows 
ozonation data for a wide range of illicit drugs. 
 
 
2.2 Water impact 
Ozonation is a promising technology for the removal of organic micropollutants from 
water. Here, ozonation results for 90 chemically diverse micropollutants including 
illicit drugs are reported and interpreted based on compound chemical structure. The 
study provides a valuable ozonation database for a large variety of micropollutants 
with specific focus on occurrence and ozonation of illicit drugs in drinking water. 
 
2.3 Introduction 
Many different organic micropollutants (OMPs) including pharmaceuticals, personal 
care products, hormones and their transformation products can be found at trace 
concentrations in surface water, groundwater and finished drinking water (1-4). OMPs 
may reach drinking water resources through numerous routes, with their main sources 
being the discharge of wastewater effluent and diffuse pollution, such as agricultural 
and urban runoff (5, 6). OMPs have raised scientific and public concern regarding 
their impact on the environment and on human health, including short-term and long-
31 
 
term toxicity, endocrine disruption, antibiotic resistance of microorganisms and 
accumulation in soils, plants and animals (7, 8). A group of OMPs of particular 
interest are illicit drugs and their metabolites (9-12), due to biological activity and 
largely unknown effects on the environment and on water quality (13, 14). 
Ozonation is among the most effective methods for the abatement of OMPs in full-
scale water treatment applications (15). Ozone is a strong oxidant which reacts with 
organic compounds in water either directly, or indirectly through free radicals 
produced from ozone decomposition (16). The ozonation of single compounds has 
been extensively studied in terms of degradation, reaction kinetics and identification 
of transformation products (17-20). Analytical advancements have also enabled the 
investigation of the simultaneous ozonation of mixtures of OMPs. Multi-component 
ozonation studies have been performed at lab-, pilot- and full-scale and have included 
a wide range of compounds (21-25). However, the ozonation of some classes of 
OMPs, including illicit drugs and their metabolites, remains less conclusively 
studied (11, 26-28). 
The reactivity of organic compounds with ozone depends on their chemical structure, 
with second order rate constants reaching across several orders of magnitude (29). 
Kinetic parameters of ozonation reactions can be determined experimentally or 
calculated through QSAR (quantitative structure–activity relationship) models (30). 
In complex water matrices, such as surface water, the properties of the matrix affect 
the stability of dissolved ozone, while matrix components act as oxidant scavengers, 
increasing the required ozone dose for a desired extent of OMP abatement. Therefore, 
the abatement of OMPs by ozonation can be related to kinetic parameters, operational 
parameters (e.g. ozone dose, temperature) and water quality parameters (e.g. organic 
carbon concentration, pH, alkalinity) (31, 32). 
The aim of this study was to gain insights into the simultaneous ozonation of 90 
chemically diverse OMPs. The selection of the compounds was based on existing and 
proposed EU legislation, UK prescription data, metabolism and excretion from the 
human body, known environmental occurrence, persistence during wastewater 
treatment and toxicity to aquatic organisms (33). Ozonation experiments were 
conducted in three different water matrices (pure buffered water, tap water and 
wastewater effluent), at different ozone doses and pH levels. In contrast to the 
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majority of previous ozonation studies, several illicit drugs and illicit drug metabolites 
were investigated. For some compounds, the reactivity with ozone in water is 
investigated for the first time, including the diabetes drug gliclazide, the cocaine 
biomarker anhydroecgonine methylester, the antipsychotic drug quetiapine and the 
heroin metabolite 6-monoacetylmorphine (O-6-MAM). 
 
2.4 Materials and Methods 
2.4.1 Chemicals 
OMPs were either purchased dissolved in 0.1 or 1.0 mg mL−1 solutions or as powder. 
Stock solutions from powders were prepared at 1 mg mL−1 in either acetonitrile or 
methanol and stored in the dark at −20°C. All aqueous solutions were made in 
ultrapure water (Milli-Q, Millipore, USA). Chemicals and solvents (purity 95% or 
higher) were used as received from various commercial suppliers. Methanol, 
ammonium acetate (NH4OAc), ammonium fluoride (NH4F) and acetic acid 
(CH3COOH) for chromatographic analysis (all HPLC grade), phosphoric acid 
(H3PO4), disodium phosphate (Na2HPO4), monosodium phosphate (NaH2PO4) and 
sodium tetraborate (Na2B4O7) were obtained from either Sigma-Aldrich or Fisher 
Scientific, sodium thiosulfate (Na2S2O3) from Merck, sodium hydroxide (NaOH) 
from PanReac. 
Table 2.4.1 provides a list of the 90 OMPs studied, including information about their 
estimated or known ozone reactivity. The referenced studies consist of both 
mechanistic single-compound studies and multi-compound studies. Table 2.9.1 (SI) 
provides CAS number, molecular weight, formula, structure, and instrument detection 
and quantification limit for each compound. Table 2.9.2 (SI) provides second order 



















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































2.4.2 Ozonation experiments 
All reactions were conducted in 10 mL glass flasks. Freshly prepared methanol stock 
solution containing all 90 compounds at equal mass concentration was spiked into 
empty flasks. The solvent was evaporated under a gentle stream of nitrogen followed 
by re-dissolution with the aqueous phase, which consisted of either buffered ultrapure 
water at pH 3 (10 mM H3PO4/H2NaPO4), pH 7 (10 mM H2NaPO4/HNa2PO4) or pH 
11 (10 mM H3BO3), tap water (total organic carbon (TOC) 1.5 mg C L−
1, pH 7.5) or 
secondary wastewater effluent (TOC 7.1 mg C L−1, pH 7.8) from a wastewater 
treatment plant in the Southwest of England. The concentration of each OMP in the 
final reaction solution was approximately 100 µg L−1, which translated into a TOC of 
6 mg C L−1 added to the TOC of the matrix. A high initial concentration of each OMP 
was chosen to avoid an analyte concentration step prior to LC-MS (liquid 
chromatography coupled with tandem mass spectrometry) analysis. 
Ozone was produced with a BMT 803N ozone generator (BMT Messtechnik, Berlin, 
Germany). Stock solutions (1.3-1.5 mM, 62-72 mg L−1) were made by sparging ozone 
gas through ultrapure water (≤4°C) that was cooled in an ice bath. The dissolved ozone 
concentration of stock solutions was quantified directly spectrophotometrically using 
a molar absorption coefficient of ϵ = 3000 M−1cm−1 at an absorption wavelength of 
λ = 258 nm (69). 
The ozone stock solution was added under vigorous stirring to each flask to achieve 
ozone doses on a carbon basis of 0.05 mM O3 (mM C)−
1 (0.2 g O3 (g C)−
1), 
0.15 mM O3 (mM C)−
1 (0.6 g O3 (g C)−
1) and 0.3 mM O3 (mM C)−
1 (1.2 g O3 (g C)−
1), 
to cover the range used for water treatment. Specific ozone doses on a molar basis are 
hereafter used. After 5 min reaction time, the samples were quenched with 0.1 M 
sodium thiosulfate (Na2S2O3) and analysed within 24 h. 
 
2.4.3 Analytical methods 
A detailed description of the analytical method used for the OMPs can be found 
elsewhere (33). Briefly, the target compounds were analysed by liquid 
chromatography-tandem mass spectrometry (LC-MS) using a Waters Acquity UPLC 
system (Waters, Manchester, UK) coupled to a Xevo TQD (Triple Quadrupole Mass 
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Spectrometer, Waters, Manchester, UK) equipped with an electrospray ionisation 
source. The determination of acidic and basic compounds was performed in negative 
and positive ionisation mode, respectively. Limits of quantification and detection for 
individual analytes are presented in Table 2.9.1 (SI). Each sample was analysed in 
duplicate. Method performance is described in detail elsewhere (33). 
Total organic carbon was analysed with a Shimadzu TOC-VCPN Analyzer 
(Shimadzu, Kyoto, Japan). Spectroscopic measurements were conducted with a Cary 
100 UV-Vis Spectrometer (Agilent Technologies, Santa Clara, California, USA)  
 
2.4.4 Ozone and OH radical exposures 
The exposure (time-integrated concentration) of OH radicals was estimated from the 
elimination percentage of ketoprofen (KET). Ketoprofen was selected because it is 
the compound with the lowest ozonation second order rate constant (0.4 M−1 s−1) 
among the compounds included in this study (see Table 2.4.1). Additionally, 
ketoprofen has a known and high second order rate constant for its reaction with OH 
radicals (see SI, Table 2.9.2). Therefore, its reaction with ozone can be considered 
negligible, while the OH radical exposure was calculated based on equation 2.4.1: 
kOH/KET ∫[OH]dt = − ln (
[KET]
[KET]0
)                (2.4.1) 
The ozone exposure was then estimated from the elimination percentage of 
carbamazepine (CBZ), or tramadol (TRA) in cases when carbamazepine was below 
the limit of quantification after ozonation. Carbamazepine has a high ozone reactivity 
that does not depend on the pH, while tramadol has a moderate ozone reactivity that 
does depend on the pH, which was considered (see Table 2.4.1). The ozone exposure 
was calculated from equation 2.4.2: 
kOH/CBZ  or TRA ∫[OH]dt + kO3/CBZ  or TRA ∫[O3]dt
= − ln (
[CBZ or TRA]
[CBZ or TRA]0






2.5 Results and Discussion 
2.5.1 Abatement by ozonation of organic micropollutants including illicit drugs 
added to pure water at pH 7 
An overview of the elimination of the 90 OMPs by ozonation in pure buffered water 
at three different pH values and at three specific ozone doses is shown in Figure 2.5.1. 
As expected by the chemical diversity of the OMPs (see Table 2.4.1 and SI, Table 
2.9.1), the results range from no removal to complete removal. At the highest ozone 
dose of 0.3 mM O3 (mM C)−
1 and at pH 7 almost half of all compounds were removed 
to below the limit of detection. The medium ozone dose of 0.15 mM O3 (mM C)−
1 at 
pH 7 led to 80% or higher removal for more than a third of compounds. At the lowest 
ozone dose of 0.05 mM O3 (mM C)−
1 at pH 7 partial removal occurred for most 
compounds. 
The OMPs may be classified into three groups according to their attenuation at the 
highest specific ozone dose at pH 7: Group I compounds were readily removed by 
more than 90%, Group II compounds had a moderate removal of 50 to 90% and Group 
III compounds were hard to remove with less than 50% removal. Group I consisted 
of 47 (52%) of the tested compounds, 10 compounds (11%) were in Group II, while 
33 (37%) were in Group III. Similar classifications of OMPs have been used in 
previous studies, with comparable elimination observed in municipal and hospital 
wastewater effluent at the same specific ozone doses (32, 55). However, it should be 
noted that high concentrations of OMPs in waters with a low scavenger concentration 
(in this case pure buffered water) may affect the ozone and OH radical exposures (70), 
and therefore the observed OMP elimination (see also below discussion on ozone and 
OH radical exposures). 
Group III included most illicit stimulants, antidepressants and their metabolites. These 
compounds exhibit no functional groups that are readily reactive with ozone. As an 
electrophile, ozone reacts selectively with electron-rich moieties, such as neutral 
amines, activated benzene rings and olefins (16). Compounds in Group III include 
deactivated benzene rings (e.g. ketoprofen, cocaine), amides (e.g. cotinine, 
ifosfamide) and protonated amines (e.g. citalopram, metformin), which have second 
order rate constants with ozone <10 M−1 s−1 (see Table 2.4.1). Their elimination can 
be attributed to reaction with less selective OH radicals. The OH radical second order 
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rate constants (kOH) of most OMPs vary by only one order of magnitude, between 
109 M−1 s−1 and diffusion-controlled values of 1010 M−1 s−1 (see SI, Table 2.9.2). 
Group III compounds can be more effectively attenuated with advanced oxidation 
processes (AOPs) that aim to increase the concentration of OH radicals, such as the 
peroxone process (O3/H2O2) or ultraviolet (UV) light combined with hydrogen 
peroxide (UV/H2O2) (15). 
Few compounds such as the carbamazepine metabolites carbamazepine-10,11-
epoxide and 10,11-dihydro-10-hydroxycarbamazepine, exhibited unclear elimination 
trends with increasing ozone dose, which may be ascribed to simultaneous 
degradation and formation from the oxidation of structurally similar compounds. 
Azathioprine had the lowest removal of all compounds in this study, and there is only 
limited information about its ozone reactivity in the literature (37). 
Most antibacterial agents and antibiotics, analgesics and their metabolites, UV filters, 
parabens and steroid estrogens belong to Group I and exhibit high elimination with 
ozone. Group I compounds contain moieties known to react fast with ozone: activated 
benzene rings, such as phenols (e.g. methylparaben, estrone, bisphenol A) and anilines 
(e.g. methotrexate, diclofenac), amines (e.g. mirtazapine, gliclazide), olefins (e.g. 
morphine, pholcodine) and thioethers (e.g. ranitidine). Note that several compounds 




Figure 2.5.1.a Simultaneous removal of 90 organic micropollutants added to pure 
buffered water as a function of the specific ozone dose and the pH (arranged with 
increasing average removal at pH 7). Error bars from duplicate analysis of samples 





Figure 2.5.1.b Simultaneous removal of 90 organic micropollutants added to pure 
buffered water as a function of the specific ozone dose and the pH (arranged with 
increasing average removal at pH 7). Error bars from duplicate analysis of samples 




The illicit drugs and illicit drug metabolites included in this study fall into four 
categories: opioids (heroin, O-6-MAM, morphine, normorphine, dihydromorphine, 
methadone, EDDP), cocainics (cocaine, cocaethylene, benzoylecgonine, 
anhydroecgonine methylester), amphetamine-type (amphetamine, methamphetamine, 
mephedrone, norephedrine, ephedrine/pseudoephedrine [a precursor]) and ecstasy 
group (MDMA, MDA, MDPV). Figure 2.5.2 provides an overview on the elimination 
of the four substance categories at five different specific ozone doses in pure buffered 
water at pH 7. 
Five of the opioids (heroin, O-6-MAM, morphine, normorphine, dihydromorphine) 
have a similar molecular structure. They contain an activated benzene ring (phenol or 
anisole), a tertiary or secondary amine (pKa=7.9-9.6) and, apart from 
dihydromorphine, a carbon double bond. These opioids are efficiently removed by 
ozonation at pH 7. Second order rate constants for reactions of opioids with ozone 
have not been determined experimentally, while for morphine the rate constant has 
been estimated with a QSAR approach as 6.4 × 106 M−1 s−1 (55). Second order rate 
constants of other structurally similar opioids can be expected to be close to this value. 
Since dihydromorphine appears to have the same ozone reactivity as morphine, the 
primary site of ozone attack at pH 7 is likely the activated benzene ring rather than 
the olefinic bond. In contrast, methadone and its metabolite EDDP were both poorly 
removed by ozonation at pH 7, despite EDDP having a carbon double bond. Only 
partial removal of these two compounds has been observed in waterworks employing 
different treatment methods, while trace concentrations of both compounds have been 
detected in finished drinking water (28, 71). 
Cocaine and two of its metabolites (cocaethylene and benzoylecgonine) have similar 
structures containing a deactivated benzene ring (carbonyl-substituted) and a 
protonated amine (pKa=9-10.8). As a result, their reactivity with ozone is low and 
minimal removal at pH 7 was observed. Cocaine has been shown to be more ozone 
reactive than benzoylecgonine (27), which was not observed in this study, due to the 
very low removal of both compounds. These three cocainics have been found as traces 
in tap water of different countries (71, 72). In contrast, anhydroecgonine methylester 
(a biomarker for the use of crack cocaine) contains an olefinic bond and has a lower 
pKa of 8. Accordingly, as shown in Figure 2.5.2, this compound has a much higher 




Figure 2.5.2. Abatement of illicit drugs and their metabolites as a function of the 
specific ozone dose in pure buffered water at pH 7. All compounds were added as a 
mixture of 90 OMPs in total. Error bars from duplicate analysis of samples were 
omitted for figure overview and are provided in the SI xlsx-data file. 
The amphetamine-type compounds contain a deactivated or slightly activated benzene 
ring and an amine (pKa=7.4-10.4). Figure 2.5.2 shows that all amphetamine-type 
compounds were ozone-resistant at pH 7. Mephedrone and methamphetamine have 
been detected in drinking water samples from the UK, which had undergone treatment 
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including ozonation (12). Methamphetamine is reported to be more ozone-reactive 
than amphetamine due to the presence of a secondary rather than a primary 
amine (27). This was not observed in this study due to the very low removal of both 
compounds under the employed conditions. However, this effect could be observed 
for ephedrine/pseudoephedrine which had a higher elimination than norephedrine.  
Drugs of the ecstasy group contain a benzene ring activated by two anisole 
substituents, and an amine with pKa of 8.4-10.3 (primary-MDA, secondary-MDMA, 
tertiary-MDPV). The main reactive site is expected to be the benzene ring leading to 
high removal. MDA and MDMA differ by only one methyl group attached to the 
amine and showed the same ozone reactivity, while MDPV contains an additional 
carbonyl substituent on the benzene ring, inducing partial deactivation and lower 
reactivity. MDMA has been detected in surface water and was only partly removed 
during the ozonation step of drinking water production (11). 
 
2.5.2 Effect of pH on micropollutant abatement by ozone in pure buffered water 
Changes in pH strongly affect ozone chemistry in water. An elevated pH leads to 
faster ozone decay due to two phenomena: hydroxide ions initiate the chain reaction 
of ozone decomposition and at the same time electrophilic ozone reacts faster with 
deprotonated or dissociated species of the dissolved organic matter (73, 74). In the 
experimental system of this study the latter phenomenon is expected to be more 
important due to the increased concentrations of OMPs. Deprotonated alkylamines 
(typical pKa=9-11) have up to six orders of magnitude higher reactivity with ozone 
than the protonated species (29). The second order rate constant for the reaction of 
ozone with dissociated phenolic compounds is five orders of magnitude higher 
compared to the corresponding non-dissociated species (30). Despite lower ozone 
exposure at higher pH, the OH radical exposure remains roughly constant with pH in 
natural waters (73). 
The estimated ozone and OH radical exposures in pure buffered water under each set 
of conditions are shown in Table 2.5.1 (tap water and wastewater effluent are 
discussed in the next section). At a given specific ozone dose, the ozone exposure 
increased by two orders of magnitude as the pH decreased by 4 units. The OH radical 
exposure remained roughly constant within the uncertainty of the employed 
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estimation method (approximately accurate within an order of magnitude). The ozone 
exposure values at pH 3 and 7 were of the same order of magnitude as those measured 
in natural waters (73), while those at pH 11 were lower and accompanied by slightly 
higher OH radical exposures. It should be noted that samples were quenched of 
residual ozone after 5 minutes of reaction, which may have resulted in lower ozone 
exposure than the maximum possible. The ratio of OH radical exposure to ozone 
exposure, i.e. the Rct value (75), was in the range of 10−
4 to 10−10 across the three pH 
levels. 
Table 2.5.1. Estimated ozone and OH radical exposures in each water matrix and 
specific ozone dose, calculated from the elimination of carbamazepine/tramadol and 
ketoprofen, respectively. 
 OH radical exposure (M s) Ozone exposure (M s) 
Specific ozone dose 
(mM O3 (mM C)−1) 
0.05 0.15 0.30 0.05 0.15 0.30 
Buffered at pH 3 7 × 10−12 9 × 10−12 6 × 10−12 3 × 10−4 4 × 10−3 3 × 10−2 
Buffered at pH 7 4 × 10−12 3 × 10−12 8 × 10−12 3 × 10−6 4 × 10−5 4 × 10−4 
Buffered at pH 11 8 × 10−12 1 × 10−11 2 × 10−11 6 × 10−8 3 × 10−7 7 × 10−7 
Tap water 1 × 10−13 6 × 10−12 1 × 10−11 5 × 10−7 1 × 10−6 5 × 10−6 
Wastewater effluent 1 × 10−11 7 × 10−12 2 × 10−11 3 × 10−7 1 × 10−6 3 × 10−6 
The combined effect of different ozone exposure and target compound speciation has 
led to different removal trends among the 90 OMPs (Figure 2.5.1). The amines 
fluoxetine (pKa=10.1) and sertraline (pKa=9.5) were better removed at higher pH due 
to deprotonation. In contrast, the four parabens (phenols with pKa of 8.2 to 8.3) 
followed a distinct trend: their removal increased with a change of pH from 3 to 7 
(due to increased dissociation of the phenols which enhanced their ozone reactivity) 
and then decreased at pH 11 (due to lower ozone exposure). The four benzophenones 
followed the same trend. However, the removal of the phenolic hormones E1, E2 and 
EE2 and the plasticizer bisphenol A decreased with higher pH, indicating that the 
increased reactivity of the dissociated form was outweighed by the lower ozone 
exposure. For olefins, such as carbamazepine and tamoxifen, a sharp drop of removal 
was observed at pH 11. In these cases, the effect of the pH is only due to the different 
ozone and OH radical exposures. 
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The effect of the pH on the ozonation of illicit drugs and their metabolites was also 
examined. Four of the opioids with structure similar to morphine have a phenolic 
moiety with pKa>9. However, the effect of the pH change on their removal seems to 
be mainly due to the different ozone exposure rather than the dissociation of the 
phenolic moiety. Decreased elimination was observed with an increase of pH from 3 
to 7 but only at the lowest ozone dose. At pH 11 removals were markedly lower than 
those at pH 3 and 7, with the highest one being 61% for dihydromorphine and the 
lowest being 21% for O-6-MAM. In contrast, methadone was better removed at higher 
pH due to deprotonation of its amine moiety (pKa=9.5) and reached 50% removal at 
pH 11 with the highest ozone dose. The removal of EDDP also slightly increased with 
pH but remained poor (<20%) under all conditions. 
Cocaine, cocaethylene and benzoylecgonine showed enhanced removal at pH 11, 
since their main ozone-reactive moiety is an amine (pKa=9-10.8). Despite this 
increase, their removal was still below 35%. The fourth compound of the cocainics 
class, anhydroecgonine methylester, is an olefin and showed decreased elimination at 
pH 11 due to lower ozone exposure. The amphetamine-type compounds were ozone-
resistant at all pH values (removal below 35%), but an increase of removal was 
observed at pH 11 due to deprotonation of the amine (pKa=7.4-10.4). The removal of 
MDA and MDMA decreased at higher pH due to the lower ozone exposure, as their 
main ozone-reactive site is an activated benzene ring. The less reactive MDPV 
showed a slight increase of removal at pH 11, indicating that the amine (pKa=8.4) 
plays a more important role in its reaction with ozone due to partial deactivation of its 
benzene ring. 
An overview of the complete dataset is presented as box and whisker plots in Figure 
2.5.3. Since a similar broad range of compounds can be expected in real water 
matrices, such as river water (33), the box and whisker plots provide a rough 
estimation on ozonation performance for multi-compound mixtures. Overall, the 
optimal pH for the elimination of the selected OMPs was 3 and 7. At pH 3 higher 
removal compared to pH 7 was observed at the lowest ozone dose, while the removal 
was similar at the other two applied ozone doses. Ozonation at pH 11 was ineffective 
and would require higher ozone doses to yield results like those of the lower pH 
values. The only compounds whose removal improved at pH 11 were Group II and 
49 
 
III compounds, including amines with pKa>7. Typical pH for ozonation in treatment 
practice is 7 to 8.5. 
 
Figure 2.5.3. Box and whisker plots of the removal of the 90 OMPs under the different 
conditions used in this study. %ile: percentile. 
 
2.5.3 Removal in tap water and wastewater effluent 
Although the ozone dose was normalised to the TOC concentration, the dissolved 
organic carbon in each water matrix used has different characteristics. In pure buffered 
water, the organic matter consists of the added OMPs, while in tap water and 
wastewater effluent it also includes the bulk organic matter. The bulk organic matter 
was 20% of the total TOC in tap water and 54% in wastewater effluent (on a mass 
basis). The ozone reactivity of bulk organic matter varies depending on the origin and 
characteristics of the sample, and typically covers a range of several orders of 
magnitude (76). Different fractions of dissolved organic matter promote or inhibit 
ozone decay and the production of OH radicals, leading to different ozone and OH 
radical exposures (16, 77). The characteristics of the organic matrix, such as 
aromaticity, protein and humic acid content, were not determined in this study. 
As shown in Table 2.5.1, the ozone exposure in tap water (pH 7.5) and wastewater 
effluent (pH 7.8) was one to two orders of magnitude lower than the one in pure 
buffered water at pH 7, but higher than that at pH 11. For most of the compounds that 
react fast with ozone, the removal in tap water or wastewater effluent decreased 
compared to pure buffered water at pH 7 (see SI xlsx-data file). This matrix effect is 
also evident in Figure 2.5.3, especially at the intermediate ozone dose 
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(0.15 mM O3 (mM C)−
1) and can be attributed to partial ozone consumption by the 
bulk organic matter. With 0.15 mM O3 (mM C)−
1, no compound was removed by 
more than 90% in tap water or wastewater effluent. The maximum removal in tap 
water at this ozone dose was 79% (cimetidine), while in wastewater effluent it was 
60% (triclosan). At the highest ozone dose (0.30 mM O3 (mM C)−
1) removal of 
cimetidine and normorphine to below the limit of detection was achieved in tap water, 
but removal was partial for all compounds in wastewater effluent. 
The water matrix had a smaller effect on the OH radical exposure and the elimination 
of ozone-resistant compounds (Table 2.5.1 and SI xlsx-data file). Due to their high 
concentrations, the OMPs already reacted very fast with OH radicals in pure buffered 
water. Therefore, no additional scavenging of OH radicals by the bulk organic matter 
in tap water and wastewater effluent was observed. For a few compounds, such as 
citalopram, ibuprofen and valsartan, even an enhanced elimination in tap water or 
wastewater effluent was noticed as a result of a slightly increased OH radical 
exposure. The average Rct value was 2 × 10−
5 in wastewater effluent and 2 × 10−6 in 
tap water, which was higher compared to previously reported values for wastewater 
effluent (78, 79). 
Figure 2.5.4 shows the elimination of 40 OMPs with known second order rate 
constants for their reaction with ozone, added in tap water and wastewater effluent. 
Data including compound names are provided in the SI. Overall, at the lowest specific 
ozone dose, ozone reactivity had a small effect on the removal of the OMPs in tap 
water or wastewater effluent, as all 40 compounds were poorly removed (<50% 
removal). The effect of ozone reactivity became obvious at the intermediate and the 
highest ozone dose. 
 
2.6 Conclusions 
We conducted the simultaneous ozonation of 90 OMPs including illicit drugs and their 
metabolites in different aqueous matrices. Target compounds were chosen based on 
their relevance for current and future legislation and their environmental occurrence, 
persistence and toxicity. Forty-seven of the tested compounds were readily removed 
by ozone, including most antibacterials, antibiotics, analgesics, UV filters, parabens 
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and steroids since these compounds contained moieties that are highly reactive with 
ozone. Compounds that were hard to remove with ozone contained deactivated 
benzene rings, amide and protonated amine moieties that are unreactive with ozone 
and included most illicit stimulants, antidepressants and their metabolites. This study 
provides a valuable database of both literature and experimental results on a wide 
range of OMPs, including some compounds not studied with ozone before. We 
specifically focused on discussing results for illicit drugs, including their occurrence 
in drinking water, because ozonation of illicit drugs and their metabolites is 
significantly less studied compared to the pharmaceuticals and other compounds 
investigated here. The results of this study are important to predict the performance 
of ozonation for the removal of trace organic contaminants during water treatment. 
 
Figure 2.5.4. Removal of 40 OMPs in wastewater effluent and tap water versus their 
known from the literature ozonation second order rate constants. 
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Table 2.9.2. Second order rate constants for the reaction of 40 OMPs with OH 
radicals. Experimentally determined, unless otherwise specified (QSAR: Quantitative 
structure–activity relationship). 
Compound kOH (M−1 s−1) Reference 
Acetaminophen 2.2 × 109 (2) 
Atenolol 8.0 × 109 (3) 
Atorvastatin 1.9 × 1010 (4) 
Azathioprine 1.86 × 109 (5) 
Azithromycin 2.9 × 109 (6) 
Benzophenone-3 2.97 × 1010 (7) 
Benzoylecgonine 5.13 × 109 (8) 
Bezafibrate 7.4 × 109 (9) 
Bisphenol A 1.02 × 1010 (10) 
Butylparaben 9.2 × 109 (11) 
Caffeine 5.9 × 109 (12) 
Carbamazepine 8.8 × 109 (9) 
Cimetidine 6.5 × 109 (13) 
Diclofenac 7.5 × 109 (9) 
E1 2.6 × 1010 (14) 
E2 1.41 × 1010 (10) 
EE2 1.08 × 1010 (10) 
Ethylparaben 7.7 × 109 (11) 
Fluoxetine 9 × 109 (15) 
Ibuprofen 7.4 × 109 (9) 
Ifosfamide 3.6 × 109 (16)  
Iopromide 3.3 × 109 (9) 
Ketoprofen 8.4 × 109 (17) 
Metformin 1.4 × 109 (16) 
Methamphetamine 7.9 × 109 (18) 
Methotrexate 8.7 × 109 (19) 
Methylparaben 6.8 × 109 (11) 
Metoprolol 7.3 × 109 (3) 
Morphine 1010 (QSAR) (20) 
Naproxen 9.6 × 109 (21) 
Propranolol 1.0 × 1010 (3) 
Propylparaben 8.6 × 109 (11) 
Ranitidine 1.5 × 1010 (13) 
Sulfamethoxazole 5.5 × 109 (9) 
Tramadol 6.3 × 109 (22) 
Triclosan 5.4 × 109 (23) 
Trimethoprim 6.9 × 109 (6) 
Tylosin 8.2 × 109 (6) 
Valsartan 1010 (QSAR) (20) 
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Chapter 3: Continuous ozonation merged 
with biofiltration to study oxidative and 
microbial transformation of trace organic 
contaminants 
 
This chapter is presented in publication format. This work was published in 
Environmental Science: Water Research & Technology (RSC) in January 2019 (DOI: 
https://doi.org/10.1039/C8EW00855H).  
 
Context: Ozonation is commonly followed by a biofiltration step for polishing of the 
ozonated water, namely for removal of biodegradable organic matter that was 
generated from ozone-induced oxidation reactions. With an ever-increasing number 
of ozone applications for the abatement of trace organic contaminants, the question 
arises whether biofiltration post-treatment can also remove the ozonation products of 
these contaminants. Studies of the ozonation-biofiltration treatment scheme are 
usually performed at large-scale or pilot-scale treatment plants, which require 
significant infrastructure and entail a high cost. Through a collaboration with DVGW-
Technologiezentrum Wasser we developed and tested a low-cost and easy to build 
lab-scale setup to conduct continuous long-term studies on ozonation-biofiltration of 
trace organic contaminants. 
 
Contributions: The following work was performed by the author of this thesis under 
the supervision of Dr Jannis Wenk and the co-supervision of Prof Barbara Kasprzyk-
Hordern: 
• Building and testing the COMBI system in Bath 
• Experiments with carbamazepine, diclofenac and fluoxetine and related 
analysis 
• Literature research and writing the manuscript 
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Dr Oliver Happel and Dr Marco Scheurer from DVGW-Technologiezentrum Wasser 
performed the following: 
• Building and testing the COMBI system in Karlsruhe 
• Experiments with acesulfame and dimethylsulfamide and related analysis, in 
addition to TFA measurements for samples from Bath 
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Investigating the biodegradation of ozonation products of trace organic contaminants 
is important to further elucidate their fate and to assess the efficiency of advanced 
water treatment processes. In this study, a Continuous Ozonation merged with 
Biofiltration (COMBI) laboratory system based on an electrochemical ozone 
generation method was developed. The system can be operated continuously and 
resource-efficiently over several months by supplying ozone doses typically used for 
water treatment and providing stable conditions for the establishment of microbial 
communities in biofiltration columns. Five trace organic contaminants, acesulfame, 
carbamazepine, diclofenac, dimethylsulfamide and fluoxetine, were investigated 
under drinking water and secondary treated wastewater ozonation conditions. After 
an equilibration time of three weeks, biodegradable ozonation products, for example 
N-nitrosodimethylamine (NDMA) and an acesulfame product, were removed in the 
filtration columns. Recalcitrant oxidation products such as trifluoroacetic acid (TFA) 
and two products of diclofenac either passed through the columns at unchanged 
concentration or were removed to a minor extent. The formation of a secondary 
biotransformation product from carbamazepine ozonation products could be also 
observed. In summary, the results show that the developed system is a valuable tool 
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to investigate complex transformation processes of ozonation products during 
biofiltration. COMBI will simplify future ozonation-biotransformation studies and 
enable more comprehensive investigations with a wider range of contaminants under 
different conditions. 
 
3.2 Water impact 
A continuously operating ozonation biofiltration system was developed and tested in 
a proof-of-concept study by following the fate of ozonation products of five 
exemplary trace organic contaminants during both a drinking water and a wastewater 
effluent ozonation scenario. The resourceful and flexible lab-scale system will lead to 
a better understanding of complex contaminant transformation processes during 
advanced water treatment schemes. 
 
3.3 Introduction 
Trace organic contaminants (TrOCs) are a diverse class of organic compounds 
comprising pharmaceuticals, personal care products, hormones, pesticides and 
specialty chemicals that are frequently present at nanogram to microgram per liter 
concentrations in surface water, ground water and drinking water (1-4). The main 
entry pathways for TrOCs into water bodies are direct sources from agriculture, 
aquaculture and urban stormwater runoff (5, 6), and indirectly through wastewater 
treatment plants (7-9). The occurrence of TrOCs in the aquatic environment poses a 
threat to various sensitive organisms (10, 11) and may adversely affect whole 
ecosystems (12). Furthermore, the detection of TrOCs in drinking water (13, 14) has 
raised public concerns (15, 16). In 2015 the European Commission published a first 
watch list of emerging water contaminants with the aim to create a reliable 
information base on the occurrence of selected substances across the EU (17). As a 
consequence, more stringent measures to reduce concentrations of TrOCs in water 
bodies can be expected, including the widespread application of advanced water 
treatment approaches. 
Ozone is a traditional drinking water disinfectant (18) and ozonation is among the 
most promising technologies to degrade TrOCs during advanced wastewater 
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treatment, water recycling and for drinking water production (19-22). Ozone attacks 
electron rich moieties of organic substrates such as double bonds, tertiary amines, 
organosulfur compounds and activated aromatic systems (23). Secondary oxidants 
derived from ozone decomposition, in particular hydroxyl radicals, react less 
selectively mainly by hydroxylation, hydrogen abstraction and electron transfer (24). 
At ozone doses typically applied for water treatment, primary and secondary oxidation 
reactions do not lead to significant mineralization but generate biodegradable 
assimilable organic carbon (25-28) and transformation products of TrOCs (29). Some 
products are recalcitrant to further degradation (30). Ozonation is usually combined 
with a biofiltration step such as sand filtration to remove biodegradable organic 
carbon and to further break down transformation products (31). Ozonation can be also 
applied prior to natural engineered water treatment, including constructed wetlands, 
soil aquifer treatment and riverbank filtration (32). 
Biofiltration and post-ozonation engineered natural treatment stages contribute to 
reducing ecotoxicity indicators of the treated water, which in some cases have been 
found to increase after ozonation (30, 33), depending on treatment conditions (34). 
Therefore, the combined effect of ozonation and subsequent biofiltration leads to 
significant reduction of the ecotoxicity of the treated water (35-40). The degradation 
of TrOCs during biofiltration depends on several factors, such as contaminant 
concentration (41), retention time (42, 43), age, diversity and adaptation of the 
microbial community (44, 45), substrate availability and composition for microbial 
metabolic processes (46, 47), redox conditions (48, 49), and temperature (50). Similar 
relationships during biofiltration can be expected for the removal of transformation 
products. However, extended studies are needed to further understand the fate of 
transformation products during biofiltration and to optimize removal efficiency under 
different conditions. A recent review concluded that the biodegradability of ozonation 
products of TrOCs depends on the reactive site of the target contaminant and on its 
reaction mechanism with ozone (51). Although ozonation products of numerous 
TrOCs have been identified, there are currently only a limited number of studies that 
investigate the biodegradability of ozonation products such as N-oxides (52-54). 
In the lab, ozonation of a water sample can be readily performed, while biological 
treatment processes following ozonation must be continuous to provide a stable and 
adapted microbiological community. The available studies have therefore employed 
87 
 
batch ozonation followed by biofiltration or were carried out in pilot-scale and full-
scale systems. These approaches have disadvantages because they are either laborious 
or require access to large infrastructure. An alternative is to perform batch 
biodegradation tests with ozonation products. However, the results of batch 
experiments might not be transferrable to continuous processes used in water and 
wastewater treatment. The kinetics in batch processes are different, the water matrix 
changes over time, and short-lifetime transformation products can only be studied 
through the online coupling of ozonation and biofiltration. 
The goal of this study was to develop a cost-efficient continuously operating lab-scale 
system for the investigation of the ozonation of TrOCs and the fate of their ozonation 
and bio-transformation products during subsequent biological treatment steps. Two 
equivalent continuous ozonation systems with miniaturized electrochemical ozone 
generators followed by biologically active sand filtration columns were used, to test 
both a drinking water production scenario and a tertiary wastewater treatment 
scenario, which are two of the main applications of this treatment scheme. The 
selection of the target TrOCs was based on their diverse physicochemical properties 
and their relevance for drinking water (dimethylsulfamide, a pesticide metabolite, and 
acesulfame, an artificial sweetener), and wastewater (the pharmaceuticals 
carbamazepine, diclofenac, and fluoxetine). Through the analysis of literature-known 
transformation products the results could be compared with the ones from full-scale 
treatment plants and the capability of the COMBI setup could be proven. 
 
3.4 Materials and Methods 
3.4.1 Chemicals 
All chemicals, including solvents, analytical consumables, TrOCs and ingredients for 
the preparation of synthetic wastewater were purchased from commercial sources. A 
list for TrOCs and analytical standards is provided in the supplementary information 
(SI, Text 3.9.2), including a table of molecular and structural data of parent 
compounds and their investigated ozonation products (SI, Table 3.9.2). Aqueous stock 
solutions were prepared from ultrapure water (resistivity >18 MΩ cm−1) from Milli-
Q (Merck) or ELGA (Veolia) water purification systems. Synthetic wastewater (SI, 
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Table 3.9.5) was prepared from tap water or deionized water according to OECD 
guidelines for synthetic sewage (55). 
 
3.4.2 Experimental setup 
The initial small-scale column setup for studying continuous ozonation merged with 
biofiltration (COMBI) was designed and built at DVGW-Technologiezentrum 
Wasser, Germany (System 1). This setup was used to investigate dimethylsulfamide 
(DMS) and acesulfame (ACE) in a waterworks scenario. A similar setup was built at 
the University of Bath, UK (System 2) and used to investigate the fate of 
carbamazepine (CBZ), diclofenac (DF) and fluoxetine (FLX) in a wastewater effluent 
ozonation scenario.  
A schematic of the setup is shown in Figure 3.4.1. Photographs are shown in SI, Figure 
3.9.1 and a summary of costs for parts is listed in SI, Table 3.9.1. The setup consisted 
of an ozonation column and three post-ozonation filtration columns, feed and effluent 
storage tanks, a pump and an ozone generation vessel. An ozone micro-cell (Innovatec 
Gerätetechnik GmbH, Germany) was used to generate ozone by electrolysis of 
demineralized water. The cell consists of porous stainless-steel frits that are used as 
electrodes, which are contacted with an ion-conducting membrane (solid electrolyte 
of a polymer, <0.2 mm). The amount of ozone generated is determined by the number 
of electrolysis cells and the DC current applied. Head-space ozone, including oxygen 
and hydrogen as by-products, flowed continuously via the intrinsic pressure of the 
electrochemical gas production through a tube connected to a sparger into the 
ozonation column. Water was delivered from the storage tank into the ozonation 
column using adjustable membrane pumps or gear pumps. The water was then 




Figure 3.4.1. Schematic of the continuous small-scale ozonation/biofiltration setup. 
Sampling points are shown as C0, OZ, C1, C2 and C3. 
 
3.4.3 Operational parameters 
The operational parameters of both systems are summarized in Table 3.4.1. System 1 
used anthracite (Everzit) as filtration medium for the first column C1, and sand from 
a drinking water treatment plant for columns C2 and C3. The sand had been used for 
several years in a sand filter after an ozone treatment, and was used in the COMBI 
columns without any cleaning. For System 2 water filtration sand (0.7 mm to 1.2 mm, 
1.0 to 2.0 mm, Long Rake Spar, UK) was used as purchased. A 1 cm-layer of the 
coarser sand served as bottom support over a metal mesh in each column. System 2 
was inoculated with secondary treated wastewater effluent, while System 1 was not 
specifically inoculated. Both systems had been operating continuously at room 
temperature in the presence of target trace contaminants for at least three weeks before 
sampling first occurred. The columns were covered with aluminum foil to prevent 
photolysis, and sand is a non-adsorptive filtration medium. 
The drinking water used for operating System 1 was obtained from groundwater, 
which is only treated by aeration. In a single combined experiment, 100 L of feed 
water were spiked with the target compounds (DMS = 16 nmol L−1 and ACE = 
0.6 µmol L−1 to 1 µmol L−1), and refilled weekly. Due to the persistence and high 
solubility of both ACE and DMS in water, no removal by degradation or significant 
adsorption to the feed tank was observed. Samples were collected on days 7, 24 and 
97 for DMS and 24, 27 and 93 for ACE. 
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Table 3.4.1. Operational parameters. 
Parameter System 1 (Karlsruhe) System 2 (Bath) 
Ozone generation Ozone-Microcell with 4 cell hearts (Innovatec) 
Voltage of microcell/V 24 
Current of microcell/mA 10 to 200 
Ozone output/(mg min−1) 0.01 to 1 
Pump 
Solenoid diaphragm pump (e.g. FMM 20, KNF) or 
gear pump (e.g. REGLO-Z digital, Ismatec) 
Flow rate used for long-
term operation/(mL min−1) 
6 3 
Diameter, length of the 
ozonation column/cm 
1.8, 17.5 2, 20 
Volume of ozonation 
column/mL 
45 60 
Diameter, length of each 
filtration column/cm 
6.5, 20 4, 30 




Everzit®N (C1) and sand 
from a water treatment 
plant (C2/C3) 
Quartz sand, 0.7 to 
1.2/1.0 to 2.0 (Long 
Rake Spar) 
Water type Drinking water Synthetic wastewater 
Water characteristics 
pH 7.2, conductivity 
610 µS cm−1, 
TOC ~ 0.9 mg L−1, 
calcium carbonate 
hardness 3.2 mmol L−1 
pH 7.4, conductivity 
800 µS cm−1, 
TOC ~ 7 mg L−1, 








The synthetic wastewater for System 2 was prepared freshly three times a week 
according to OECD guidelines for synthetic sewage (55) at 10-fold dilution to yield 
an initial total organic carbon (TOC) concentration of 10 mg L−1 (SI, Table 3.9.5). 
The easily biodegradable organic matter contained in this mixture led to biofilm 
growth and occasional clogging of the first column, which was resolved by scraping 
or manually removing the upper sand layer. The TrOCs CBZ, DF and FLX were 
spiked simultaneously into the influent tank (a range of 10 L to 15 L of synthetic 
wastewater) at a concentration of 1 µmol L−1 to 3 µmol L−1 two weeks after 
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continuous operation had started, to allow time for a microbial community to grow. 
The measured concentration in the influent tank fluctuated slightly due to the 
relatively large volume prepared for each refill, and sorption or slow microbial 
decomposition occurring in the tank. Samples were collected on days 22, 28, 42 and 
54, where day 1 is the first day when trace contaminants were spiked. All samples 
were collected and analyzed in duplicate. 
To enable detection of transformation products without pre-concentration, spiked 
levels of ACE, CBZ, DF and FLX were higher than those typically found in 
wastewater effluent (7). The microbial characterization of the sand columns was not 




A description of analytical methods for all target compounds and their transformation 
products is provided in SI Section 3.9.3. Briefly, ultra high performance liquid 
chromatography-mass spectrometry (UHPLC-MS) analysis for CBZ, DF and FLX 
was performed with a Thermo Scientific Dionex UltiMate 3000 system coupled to a 
Bruker Daltonics maXis HD electrospray ionization quadrupole time-of-flight (ESI-
QTOF) mass spectrometer. Transformation products of CBZ and DF were identified 
based on literature data, mass accuracy, consistent retention time and MS/MS analysis 
in MRM (multiple reaction monitoring) mode. Fragmentation patterns are provided 
in SI, Section 3.9.8. Direct injection was used for the analysis of trifluoroacetic acid 
(TFA), ACE and its ozonation product OP168. DMS and N-nitrosodimethylamine 
(NDMA) samples were pre-concentrated with solid phase extraction (SPE) prior the 
analysis (56). Analysis was performed on an API 5500 Q-Trap triple quadrupole mass 
spectrometer (Applied Biosystems/MDS Sciex Instruments, Concord, ON, Canada). 
TFA analysis was performed using ion exchange liquid chromatography-electrospray 
tandem mass spectrometry (LC-ESI-MS/MS) according to a recently developed 
method (57). GC analysis for NDMA was carried out with a series 6890 gas 




UV/Vis absorption for the determination of dissolved ozone in water with the indigo 
method (58), and for tracer tests with fluorescein to determine hydraulic residence 
times (HRTs), were conducted with stationary devices (e.g. Cary 100, Agilent; FP 
8200, Jasco; EVO300, Thermo Scientific) or a self-built portable LED photometer. In 
System 2, the dissolved ozone concentration was measured in pure water (no reactions 
present) by sampling the water inside the ozonation column. In System 1, the ozone 
dose was measured by feeding an indigo solution through the ozonation column, 
which captured directly the ozone transferred. More details are provided in the SI 
Section 3.9.4. 
 
3.5 Results and discussion 
3.5.1 Determination of operational range 
Initial tests determined ozone contact time and HRTs. Fluorescein breakthrough 
curves for both systems are shown in Figure 3.5.1A and B. Further details are provided 
in SI Section 3.9.6. The HRT was assumed to be equal to the time of maximum 
(complete) tracer breakthrough. At a flow rate of 6 mL min−1, the ozonation contact 
time in System 1 was 30 min and the total HRT was approximately 5 h. For System 2 
the ozonation contact time at a flow rate of 3 mL min−1 was 10 min and the HRT was 
approximately 4 h. A wide range of operational parameters can be achieved by 
varying the flow rate. For instance, in System 2 a change of flow rate from 2 mL min−1 
to 12 mL min−1, results in the single column HRT changing from 150 min to 15 min 
(SI, Figure 3.9.6), with the total HRT decreasing from approximately 8 h to 1 h. 
The relationship of the applied electrical current of the electrochemical cell and the 
ozone dose is presented in Figure 3.5.1C. The change in ozone concentration for a 
single cell over time is shown in Figure 3.5.1D. The decreasing efficiency of ozone 
production is due to aging of the ozone micro-cells. The difference between the two 
systems can be attributed to design differences, such as the length of the tubing 
connecting the microcell vessel and the ozonation column, the height and volume of 
the ozonation column, and the hydrostatic pressure which must be overcome by the 
gas. To further characterize the mass transfer of ozone in the system, analysis of the 
ozone concentration in the inlet gas and the off-gas would need to be conducted. 
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Long-term experiments were conducted at conditions similar to those of other 
ozonation-biofiltration systems (ozone dose of 1 mg L−1 to 10 mg L−1, ozonation HRT 
of 30 min or less, filtration HRT of 10 min to 30 min) (21, 52) without further 
optimization of the operational parameters. A longer filtration HRT was chosen to 
elucidate the fate of compounds that are not easily biodegradable. 
 
Figure 3.5.1. Fluorescein breakthrough curves for A) System 1 (flow rate of 
6 mL min−1 and nitrogen flowing in the ozonation column), and B) System 2 (flow 
rate of 5 mL min−1, without substitute gas sparging through in the ozonation column). 
Ozone dose or concentration depending on the current intensity at constant flow rates 
of C) 6 mL min−1 in System 1, and D) 3 mL min−1 in System 2. 
 
3.5.2 Removal and transformation of trace contaminants in a drinking water 
treatment scenario 
Dimethylsulfamide: The oxidative transformation of DMS to NDMA during 
ozonation was examined as a first example. Figure 3.5.2 shows the evolution of DMS 
and NDMA in the COMBI system at three sampling events during three months of 
continuous operation. The reactivity of DMS with ozone is important for waterworks 
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as both DMS sorption and biological degradation during riverbank filtration are 
limited, while filtration over activated carbon, sand filtration, disinfection by chlorine 
and nanofiltration cannot completely remove DMS if present in raw waters (59). 
Oxidative treatment followed by a biological treatment step seems to be one of the 
very few promising treatment combinations for waterworks to remove DMS (59). 
DMS was almost completely oxidized (to below 0.2 nmol L−1, corresponding to at 
least 99% removal) under the applied conditions (ozone dose approx. 3 mg L−1, 
contact time 30 min). The reaction of DMS with ozone is slow (rate constant of 
20 M−1 s−1) and leads to the formation of NDMA in the presence of bromide (60). The 
maximum NDMA yield is reached for bromide levels of 15 μg L−1 to 20 μg L−1 which 
are typical for drinking waters (60). The bromide level of the used tap water was about 
35 µg L−1. During the four-month experiment, the NDMA formation was 
reproducible, with an average molar yield of NDMA of approximately 50%. In full-
scale waterworks similar DMS transformation rates of 73% to 100% were observed, 
while DMS to NDMA conversion rates were between 30% and 50% for spiked 
drinking water (59). 
 
Figure 3.5.2. Conversion of DMS to NDMA by ozonation in drinking water matrix 
and subsequent degradation in biologically active sand columns in the COMBI set-
up. The samples were taken on days 7, 24 and 97. 
Only traces of NDMA were detected after the water had passed Column 2, while 
NDMA was absent (below 0.03 nmol L−1) in the effluent of Column 3 (total HRT of 
approximately 5 h). NDMA has been shown to be biodegradable in sand filtration (59) 
and managed aquifer recharge (61). The high removal observed in this study 
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demonstrates the presence of a well-developed microbial community in the sand 
columns. Overall, both DMS and NDMA concentrations were below the detection 
limit in the final effluent of the system. 
Acesulfame (ACE): The transformation of ACE to OP168 by ozone and its 
subsequent fate were also examined (Figure 3.5.3). ACE reacts with ozone with a rate 
constant of 88 M−1 s−1 (62), according to the Criegee mechanism, leading to ozonation 
products such as ACE OP170 and to a minor extent ACE OP168 (63). ACE was 
almost completely removed (at least 97% removal) under the applied conditions 
(ozone dose approx. 3 mg L−1, contact time 30 min). OP168 was chosen for further 
investigation. As the ozonation products of ACE can be further oxidized, the yield at 
the effluent of the ozonation column (approximately 50% on the first two sampling 
days) may represent only a fraction of the initially formed OP168. However, the yield 
on the last sampling day was almost 100%. 
 
Figure 3.5.3. Conversion of ACE to OP168 in drinking water matrix by ozonation 
and subsequent degradation in biologically active sand columns in the COMBI set-
up. The samples were taken on days 24, 27 and 93. 
No further removal of unreacted residual ACE during column passage occurred. ACE 
was recently reported to be biodegradable during activated sludge treatment (64, 65) 
but has also been shown to persist in wastewater treatment, including riverbank 
filtration (63, 66). No biodegradation occurred over several months of operation and 
we suggest that the necessary biological community was absent. Breakthrough of 
OP168 through Columns 1 and 2 was observed during the first two sampling events, 
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but OP168 was not detected in the effluent of Column 3 (concentration below 
0.03 µmol L−1). This indicates that OP168 is biodegradable. Overall, removal of 
OP168 was highest at the last sampling date, which could be due to the maturation of 
the microbial community leading to an improved ability to degrade the transformation 
product. The structurally related compound ACE OP170 can be removed with 
activated carbon filtration, likely as a result of biodegradation (67). The fate of ACE 
OP168 in sand filtration has not been investigated before to the knowledge of the 
authors. 
 
3.5.3 Removal and transformation of trace contaminants in a wastewater effluent 
ozonation scenario 
Carbamazepine (CBZ): At ozone concentrations of 1 mg L−1 to 2 mg L−1 and a 
contact time of 10 min in the ozonation column more than 99% of CBZ 
(C0 = 2.5 µmol L−
1 ± 0.2 µmol L−1) was removed (final concentration below 
0.03 µmol L−1). CBZ reacts with ozone at the double bond of its heterocyclic centre 
with a rate constant equal to 3 × 105 M−1s−1 (68). The main ozonation product is BQM 
(1-(2-benzaldehyde)-4-hydro-(1H,3H)-quinazoline-2-one) (69). Minor ozonation 
products are BaQD (1-(2-benzoic acid)-(1H,3H)-quinazoline-2,4-one), BQD (1-(2-
benzaldehyde)-(1H,3H)-quinazoline-2,4-one) (69) and BaQM (1-(2-benzoic acid)-4-
hydro-(1H,3H)-quinazoline-2-one) (70). 
Figure 3.5.4 shows the evolution of the transformation products BQM and BaQD after 
ozonation at four sampling events during two months of continuous operation. Results 
are shown semi-quantitatively because analytical standards were not available. The 
variation in the formation of BQM and BaQD during ozonation on the four sampling 
days is shown in the SI, Figure 3.9.8. General trends were consistent over the 
observation period despite fluctuations in the concentration of BQM and BaQD after 
the filtration column passage. BQM concentrations decreased continuously during 
passage through the filtration columns, in agreement with a previous study (70). BQM 
removal occurred predominantly in the first column, while consecutive columns had 
modest additional effect. The high rate of BQM removal in the first column can be 
ascribed to an increased biological activity in the first few centimetres of the filter 
sand. The biological activity is slightly enhanced by additional oxygen following the 
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decomposition of ozone (32, 71), and also by the higher availability of biodegradable 
TOC after ozonation. Although the redox conditions were not measured, oxygen 
concentrations slightly above atmospheric equilibrium can be expected at the top of 
the first column. The increased biological activity in the first column was also evident 
by biofilm formation and occasional clogging during operation.  
 
Figure 3.5.4. Evolution of carbamazepine transformation products BQM (A) and 
BaQD (B) during passage through the sand columns on four different days. The ratio 
C/C0 was calculated by dividing each signal (peak area of target compound/peak area 
of internal standard) by the average signal after ozonation. 
Overall removal of BQM during column passage was between 50% and 75%, which 
is high considering the HRT of 4 hours and shows that BQM is readily biodegradable, 
in contrast to its parent compound CBZ. Improved BQM removal towards later 
sampling dates could be due to the adaptation of the microbial community (72). 
Removal by adsorption was considered negligible, since the system was equilibrated 
for 3 weeks before sampling occurred and sand is a non-adsorptive filtration medium. 
An adsorption experiment with the parent compound CBZ showed no retardation in 
comparison to the tracer fluorescein or loss due to abiotic processes (SI, Figure 3.9.7). 
In addition, the ozonation products of CBZ have been shown to be less adsorptive to 
activated carbon than the parent compound (73). 
Toxicity studies suggest that increased chromosomal damage of test organisms 
induced by ozonated CBZ solutions can be partially attributed to the formation of 
BQM (74). The results presented here indicate that BQM is readily biodegradable and 
unlikely to persist in surface water or groundwater. 
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BaQD concentration increased or remained unchanged during passage through the 
filtration columns. Higher BaQD formation roughly corresponded with higher 
removal of BQM, indicating that BaQD was microbially generated from BQM and 
other ozonation products of CBZ. BaQD can be formed directly by ozonation or by 
consecutive microbial transformation of ozonation products of CBZ and structurally 
similar compounds (70, 75). BaQD has been found to be slowly biodegradable and 
persistent in sand filtration experiments with an HRT of 12 days (70). In a pilot scale 
wastewater treatment plant, partial removal of BaQD was achieved during GAC 
filtration but not during passage through a clay biofilter (76). 
BaQD has been detected in wastewater effluent, surface water, groundwater and 
drinking water (21, 75-77) and has potentially ecotoxicological relevance (78). The 
results of this study indicate that microbial transformation during biofiltration is a 
more important formation pathway of BaQD than ozonation itself. Monitoring BaQD 
in addition to BQM is important to fully understand the fate of CBZ during ozonation 
and subsequent treatment processes. 
Diclofenac (DF): Under the applied conditions (C0(DF) = 2.7 µmol L−
1 ± 
0.1 µmol L−1, β0(ozone) = 1°mg L−
1 to 2 mg L−1, contact time = 10 min) DF was 
removed to more than 99% during ozonation (final concentration below 
0.03 µmol L−1). DF has a high reaction rate constant with ozone (106 M−1s−1), due to 
the presence of two aromatic amino groups that are deprotonated at neutral pH 
(pKa = 4) (68). The main ozonation products of DF are DF-IQ (diclofenac-2,5-
iminoquinone), OH-DF (5-hydroxydiclofenac) and 2,6-dichloroaniline, while other 
minor ozonation products have also been detected (79, 80). Both DF-IQ and OH-DF 
have been found as microbial degradation products of DF in activated sludge (81). 
This study focussed on the fate of DF-IQ and OH-DF during column passage after 
ozonation. Other known DF ozonation products such as 2,6-dichloroaniline were 
either not detected or were only found in traces. 
As shown in Figure 3.5.5, both DF-IQ and OH-DF were persistent during column 
passage. A slightly decreasing trend was observed for DF-IQ, while for OH-IF a 
slightly increasing trend was found. Biological and abiotic processes might affect the 
equilibrium between these two compounds (82), while DF-IQ has also been shown to 
adsorb on sediment (83). However, experiments with higher initial concentrations of 
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DF would be required to yield sufficient amounts of DF-IQ and OH-DF to investigate 
subtle concentration changes. In ozonation experiments with DF in deionized water, 
a maximum yield of 2.7% for DF-IQ and 4.5% for OH-IF on a molar basis was found, 
respectively (79). 
 
Figure 3.5.5. Evolution of diclofenac transformation products OH-DF (A) and DF-
IQ (B) during passage through the sand columns on four different days. The ratio C/C0 
was calculated by dividing each signal (peak area of target compound/peak area of 
internal standard) by the average signal after ozonation. 
The observed persistence of ozonation products of DF is in agreement with 
experiments in moving bed biofilm reactors (MBBRs), where the removal of DF-IQ 
reached 37% and that of OH-DF 27% after incubation for 150 h (84). Therefore, a 
longer filtration residence time might be necessary for the degradation of DF-IQ and 
OH-DF. The results show that sand filtration which is commonly employed after 
ozonation might not be a sufficient barrier to remove the main ozonation products of 
diclofenac. 
Fluoxetine (FLX): FLX was chosen for investigation because it has recently been 
identified as a precursor of TFA in wastewater and drinking water treatment 
processes (57). The removal of FLX during ozonation at a concentration of 
C0(FLX) = 1.2 µmol L−
1 ± 0.1 µmol L−1 and β0(ozone) = 1 mg L−
1 to 2 mg L−1, a 
contact time of 10 minutes and a pH of 7.5 was 70% to 95% (Figure 3.5.6). The 
ozonation rate constant of FLX is pH dependent, due to the presence of an amine 
moiety which is deprotonated at higher pH (pKa = 10) and therefore more reactive. 
Several ozonation products of fluoxetine are known (33). TFA was targeted as a major 
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ozonation product of fluoxetine. Other known transformation products of FLX were 
either not detected or only found at trace levels. The formation of TFA during 
ozonation varied from 8% to 26% on a molar base. Despite this variation, higher TFA 
formation correlated with higher FLX removal (Figure 3.5.6). 
 
Figure 3.5.6. Evolution of fluoxetine (A) and TFA (B) during passage through the 
sand columns. Error bars for fluoxetine refer to the standard deviation of duplicate 
samples. For TFA, one sample was analysed for each sampling point on each day. 
A small amount of TFA (approximately 10 nmol L−1) was present in the influent, 
likely due to the presence of TFA in the tap water that was used to prepare the 
synthetic wastewater. A similar amount was formed due to the ozonation of other 
matrix components, based on the analysis of samples that were not spiked with FLX. 
The formation of TFA is likely mostly due to reactions mediated by OH-radicals, 
rather than direct reaction with ozone, considering the electron-withdrawing effect of 
the trifluoromethyl substituent of the aromatic ring. 
Little to no removal of unreacted FLX was observed during passage through the sand 
columns. Minor changes in the concentration of FLX during its passage through sand 
filters might be due to ionic interactions with silica sand (85), since the silica surface 
is negatively charged at circumneutral pH (86), while FLX is a positively charged 
amine. The concentration of TFA was stable during passage through the sand filters. 
Evidence supporting both the persistence (87, 88) and the biodegradability of 
TFA (89, 90) can be found in the literature. In general, microbial defluorination is 
difficult to occur due to the low reduction potential of the C-F bond (91). Results are 
in agreement with a recent study, where no removal of TFA was observed at three 
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different waterworks that used filtration over biologically active or adsorptive 
media (57). Overall, TFA that is formed during ozonation of fluoxetine will likely 
persist during subsequent sand filtration. 
 
3.6 Conclusions 
A continuously operating laboratory system (COMBI) was developed to investigate 
the ozonation of TrOCs in water coupled with subsequent biologically active sand 
filtration. The system was used for both a drinking water treatment scenario and an 
advanced wastewater treatment scenario for five selected TrOCs and included fate 
analysis of ozonation products. After three weeks of operation, microbial degradation 
processes occurred in the filtration columns, while removal further increased over 
time. The microbial community is expected to be different in the two systems, as a 
result of the different filtration media and substrate compositions, although this was 
not further examined in this study. 
Moderate to high removal was observed for the main ozonation product of 
carbamazepine, an ozonation product of acesulfame, as well as for NDMA, produced 
via ozonation through its precursor DMS. On the other hand, an ozonation product of 
carbamazepine, two ozonation products of diclofenac, and TFA from ozonation of 
fluoxetine persisted microbial degradation. Good agreement with the results of large-
scale and pilot-scale studies was found (21, 57, 59), implying that the developed 
experimental setup can offer reliable predictions. 
The developed system is a useful tool to provide reliable predictions on the fate of 
ozonation products for different treatment conditions and process configurations. The 
COMBI system has a small footprint, while the total cost of parts for a complete 
system is approximately 660 € (SI, Table 3.9.1). Based on these attributes COMBI 
will simplify studies on ozonation-biofiltration, ultimately leading to a better 
understanding of complex contaminant transformation processes during advanced 
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3.9 Supplementary information 
3.9.1 COMBI system 
  
  
Figure 3.9.1. Top: Photographs of the COMBI System 1. Bottom: Photographs of 
the ozone micro cell holder with one electrolysis system (left-hand side), and a close-
up of the electrolysis unit (right-hand side).  
 
Table 3.9.1. Approximate cost of the parts needed to build a COMBI system (2017). 
 Cost/€ 
Pump (e.g. KNF IP54 24V FMM 20 KPDC-P, including house-built 
controller) 
215 
Ozone micro-cell (including control box and power supply)  265 
Glassware (glass tubing with added standard threads, standard thread 




Storage tank 30 
Total 660 
 
3.9.2 Trace organic contaminants 
Carbamazepine, diclofenac sodium salt and fluoxetine hydrochloride in solid form 
(purity ≥98%) were purchased from Sigma-Aldrich. Stock solutions used to spike the 
synthetic wastewater were regularly prepared in Milli-Q water. Diclofenac sodium 
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analytical standard was purchased from Sigma-Aldrich. Fluoxetine hydrochloride 
solution (1 mg mL−1 in methanol) used as a standard, fluoxetine-d5 solution 
(1 mg mL−1 in methanol) used as an internal standard, carbamazepine solution 
(1 mg mL−1 in methanol) used as a standard, and carbamazepine-13C6 solution 
(100 μg mL−1 in methanol) used as an internal standard, were purchased from Sigma 
Aldrich. 
Acesulfame potassium and N,N-dimethylsulfamide (DMS) were provided by LGC 
(formerly Dr. Ehrenstorfer, Wesel, Germany). Acesulfame-d4 was purchased from 
Campro Scientific (Berlin, Germany) and DMS-d6 from Bayer (Leverkusen, 
Germany). N-Nitrosodimethylamine (NDMA) was provided by Supelco (now 
Sigma-Aldrich, St.Louis, USA) and NDMA-d6 by CDN Isotopes (Pointe-Claire, 
Canada).  
The reference standard of OP168 was produced in the TZW lab as follows: 
Acesulfame (5 g, 25 mmol) was dissolved in 1000 mL distilled water and treated with 
ozone gas for 3 h. The resulting reaction solution was concentrated at a rotary 
evaporator. Hereby water and a part of semi-volatile acids (acetic acid and formic 
acid) can be removed from the mixture. The highly concentrated reaction mixture was 
neutralized with potassium hydroxide solution to pH 7. Crystal growth of the 
potassium salt of OP168 took place within a few days. For further purification a re-
crystallization from water was performed. The confirmation of the anionic species 
OP168 (m/z = 167.9608) was done by ion exchange chromatography coupled to an 
accurate time of flight mass spectrometer after electrospray ionization (IC-ESI-TOF). 
The salt-composition was confirmed by elemental analyses using inductively coupled 
plasma coupled to mass spectrometry (ICP-MS): sulfur (calculated 13.1%, found 
14.0%); potassium (calculated 31.9%, found 29.9%).  
Sodium trifluoroacetate, was purchased from Sigma Aldrich (Steinheim, Germany) 
and the respective isotopically labeled internal standard sodium trifluoroacetate-13C2 


























































































































































































































































































































































































































































































































































































































































































































































































































































































3.9.3 Analysis  
Ultra High Performance Liquid Chromatography-Mass Spectrometry (UHPLC-MS) 
for CBZ, DF and FLX was performed with a Thermo Scientific Dionex UltiMate 
3000 system coupled to a Bruker Daltonics maXis HD electrospray ionization 
quadrupole time-of-flight (ESI-QTOF) mass spectrometer operated in positive-ion 
mode, equipped with an Acquity UPLC BEH C18-Column (1.7 µm, 130 Å, 2.1 mm 
× 50 mm). The mobile phase consisted of water with 0.1% formic acid (A), and 
methanol with 0.1% formic acid (B). The flow rate was 0.4 mL min−1, the injection 
volume was 20 µL and the column compartment temperature was set to 40°C. 
Gradient elution was carried out with 1% mobile phase B until 2 min, followed by a 
linear gradient to 100% B at 5 min, keeping 100% B up until 8 min, thereafter 
returned to 1% B until 12 min total run time. For MS, the capillary voltage was set 
to 4500 V, nebulizing gas at 4 bar, drying gas at 12 L min−1 at 220°C. The TOF scan 
range was from 75 to 1000 mass-to-charge ratio (m/z). For effective transmission of 
ions, the ion energy was set to 6.0 eV with the collision energy for TOF MS 
acquisition at 7.0 eV. The MS instrument was calibrated using a range of sodium 
formate clusters introduced by switching valve injection during the first minute of 
each chromatographic run. The compounds were detected as [M + H]+ ions. Data 
processing was performed using the Data Analysis software version 4.3 (Bruker 
Daltonik GmbH, Bremen, Germany). 
Samples were spiked with internal standard (final concentration of 100 ng mL−1) and 
adjusted with methanol to 80/20 (v/v) water/methanol composition, as soon as 
possible after their collection but no longer than 40 min. Fluoxetine-d5 (1 mg mL−
1 
in methanol) was used as an internal standard for the analysis of FLX, and CBZ-13C6 
(100 μg mL−1 in methanol) was used as an internal standard for the analysis of 
carbamazepine and diclofenac. The spiked samples were filtered with PTFE filters 
(0.2 µm pore size) and frozen at −20°C until analysis. Quantitative analysis was 
performed using the Quant Analysis software version 4.3 (Bruker Daltonik GmbH, 
Bremen, Germany). 
Transformation products of CBZ and DF were identified based on literature data, 
mass accuracy (less than 10 ppm mass error in all cases), and consistent retention 
time. MS/MS analysis in MRM (multiple reaction monitoring) mode was performed 
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to further support the identification of CBZ and DF transformation products. The 
collision energy used was 15 eV to 30 eV. Observed fragmentation patterns are 
provided in SI, Section 3.9.8. Semi-quantitative analysis of the transformation 
products was performed using the same internal standard that was used for the parent 
compounds. 
Direct injection was used for the analysis of TFA, ACE and its ozonation product 
OP168. DMS and NDMA samples were pre-concentrated with solid phase extraction 
(SPE) prior the analysis. For DMS a sample volume of 50 mL was adjusted to pH 5 
for SPE. After, extraction cartridges were dried under nitrogen and DMS was eluted 
with a mixture of dichloromethane and methanol (4:1 v/v). The eluate was blown 
down using nitrogen and reconstituted in 1 mL of a water/methanol mixture (8:2 v/v). 
For NDMA analysis, samples were pre-concentrated as described in (1). 
TFA analysis was performed using ion exchange liquid chromatography-electrospray 
tandem mass spectrometry (LC-ESI-MS/MS) according to a recently developed 
method (2). Briefly, chromatographic separation was achieved in an Agilent 1200 
LC system (Waldbronn, Germany) with a Dionex IonPac AS17-C column equipped 
with a Dionex IonPac AG17-C precolumn. The eluents were ultra-pure water 
containing 50 mmol L−1 ammonium bicarbonate and methanol.  
ACE and OP168 were retained using a DIONEX Ion Pac AG 20 (2 mm x 50 mm). 
Eluents were ultra-pure water + 10% acetonitrile (A) and ultra-pure water + 10% 
acetonitrile with 50 mmol L−1 ammonium bicarbonate (B). The gradient program 
started at 10% (B), was increased within 5 min to 100% and held for 5 min. Starting 
conditions were re-established with a ramp of 1 min. Equilibration time of the 
column was 5 min and the flow rate was 0.25 mL min−1. Detection was achieved with 
an API 5500 Q-Trap triple quadrupole mass spectrometer (Applied Biosystems/MDS 
Sciex Instruments, Concord, ON, Canada) with an electrospray interface operated in 
negative ionization. 
DMS was measured with a similar instrumentation. A Luna C18 column 
(250 mm x 2 mm, 5 µm) from Phenomenex (Aschaffenburg, Germany) was used for 
retention. Eluents were ultra-pure water (A) and methanol (B) both with 2 mmol L−1 
ammonium acetate. The gradient program started with 10% (B), held for 7 min and 
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then increased within 1 min to 100%, then held for 7 min and decreased to the starting 
conditions within 1 min. The flow rate was 0.2 mL min−1.  
The analysis of NDMA was performed after solid-phase extraction (SPE) with 
NDMA-d6 as internal standard (1). GC analysis for NDMA was carried out with a 
series 6890 gas chromatograph connected to a MSD 5973 inert mass spectrometer 
(both Agilent, Waldbronn, Germany) in positive chemical ionization. A ZB-
WAXplus column (30 m x 0.25 mm from Phenomenex) was used for the separation 
of the analytes (flow rate 0.8 mL min−1). The temperature program started at 40°C 
and was held for 3 min, ramped 10°C/min to 150°C (held for 2 min), and ramped 
10°C/min to 250°C and held for another 2 min. 
Quantitative analytical method performance data for ACE, CBZ, DF, DMS, FLX, 
NDMA and ACE OP168 are provided in Table 3.9.3. No quantitative analytical 
method performance data are available for BQM, BaQD, DF-IQ and OH-DF due to 
the unavailability of analytical standards of these compounds. 
Table 3.9.3. Analytical method performance data for trace organic contaminants 
analysed with LC-MS.  
Compound 










ACE 0.01 – 6 0.999 1.4 96 0.01 
CBZ 5 – 500 0.995 3.9 83 5 
DF 5 – 500 0.994 2.9 121 1 
DMS 0.01 – 1 0.999 0.4 98 0.01 
FLX 0.5 – 500 0.996 1.1 82 0.5 
NDMA 0.001 – 0.2 0.998 0.3 96 0.001 
ACE OP168 5 – 200 0.999 * * 6 
aPrecision is represented by the relative standard deviation (RSD) of triplicate 
measurements. Accuracy is represented by the measured concentration over the 
known added concentration of analyte. bLOD: Limit of Detection *Specifically 







3.9.4 Determination of ozone dose and concentration  
System 1 
Determination of the ozone concentration:  
The ozone concentration at the outlet of the bubble column was determined according 
to DIN 38408. The indigo reagent was placed in a volumetric flask and the ozone 
solution from the bubble column was collected. This process allows the slowly 
dripping of water to react immediately with the indigo dye.  
Determination of the ozone dose:  
The determination of the ozone dose by gas input into the water sample in the bubble 
column was determined by the indigo method. A stock solution (772 mg L−1 
tripotassium indigotrisulfonate (MW 616.7 g mol−1) dissolved in ultrapure water with 
an addition of 1 mL concentrated phosphoric acid) was used in accordance with DIN 
38408. The DIN standard states that the purity of the indigo dye is typically around 
80%. Taking this information into account, the stock solution contains a dye 
concentration of 1 mmol L−1. This value is then also in accordance with the 
calculation formula specified in DIN.  
This stock solution was diluted with ultrapure water 1 + 9 and pumped through the 
bubble column as a water sample (0.1 mmol L−1, 77.2 mg L−1). Bleaching the dye by 
the reaction with ozone is a stoichiometric reaction. Since one part ozone reacts with 
one part dye, 0.1 mmol L−1 ozone (= 4.8 mg L−1) can be captured via this solution. 
The degree of bleaching can be determined by the decrease in absorbance by 
photometry. The maximum absorbance of the blue dye is 600 nm. Parallel to a 
laboratory spectrophotometer, a self-built flow photometer based on light emitting 
diodes was successfully used. The emission wavelength of 595 nm requires a slightly 
lower absorbance, but nevertheless a linear calibration results in the working range 
(Figure 3.9.2). 
A flow-through cuvette with a thickness of 3 mm was used for the test to determine 
the current-dependent ozone input (Figure 3.9.3). The 1:10 diluted indigo stock 
solution has an expected value of approx. 650 mAU (i.e. no ozone entry into the 
bubble column). After applying current to the ozone-micro-cell, ozone gas is 
introduced into the bubble column and the dye is partially destroyed. It takes about 
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1 hour to reach a state of equilibrium. The reasons for this are the complete 
replacement of the volume in the bubble column and the warming up time of the 
ozone-micro-cell.  
 
Figure 3.9.2. Calibration and test of linearity of the home-built online LED-
photometer with indigo standards (optical path length = 10 mm).  
 
Figure 3.9.3. Determination of ozone input depending on the cell current determined 
online via the reduction rates of the indigo dye (flow rate = 6 mL min−1, optical path 
length = 3 mm). 
Using the flow rate and relative dye bleaching values, the temporal or volumetric 
input of ozone can be calculated. In the first step, the relative decrease in absorbance 
in percent is calculated from the photometric measurements.  
DB =  (1 −
A(Ix)
A(I0)
) × 100                (3.9.1) 
DB: Dye-Bleaching in %  
A(IX): Absorbance at I = x mA  
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A(I0): Absorbance at I = 0 mA  
The time-dependent ozone input (OzIn) can then be calculated. This value also gives 
an impression of the production rate of the ozone micro-cell. 
OzIn = 0.0048 × FR × DB                (3.9.2) 
OzIn: Ozone-Intake in mg min−1 
0.0048: Conversion factor in mg mL−1 
FR: Flow rate in mL min−1 
DB: Dye bleaching in %  
The following equation can be used to determine the ozone dose (OzDo).  
OzDo =  (1 −
A(Ix)
A(I0)
) × 4.8                (3.9.3) 
OzDo: Ozone dose in mg L−1 
4.8: Ozone in mg L−1 (corresponds to the max. turnover of 
0.1 mmol L−1) 
Table 3.9.4 contains a comparison of the percentage of dye destruction determined 
by LED flow photometer and laboratory photometer. The measured values show that 
both devices provide equivalent data.  
Table 3.9.4. Comparison of the reduction rates depending on the cell current 
measured by two photometer methods (online and offline). 
Cell current/mA 
Indigo reduction measured 
online by LED-Phot/% 
Indigo reduction measured 
offline by EVO300/% 
0 0.0 0.0 
20 23.2 25.6 
30 61.4 62.8 
40 86.3 86.5 
50 98.3 98.1 
If the current in the ozone-micro-cell is kept constant, but the flow rate varies, the 
same amount of ozone is added to different volumes of indigo solution per time unit. 
If the flow rate is finally deducted from the measured values, the same production 
rate should be found for all settings. In a flow range from 2 mL min−1 to 10 mL min−1 




Figure 3.9.4. A) Absolute ozone intake into indigo solution at different flow rates 
(current = 20 mA). B) Ozone dosage into indigo solution at different flow rates 
(current = 20 mA). 




The dissolved ozone concentration in the ozonation column was measured in 
deionized water with the indigo method (3). A standard indigo solution was prepared 
by dissolving 1° mmol L−1 potassium indigotrisulfonate in deionized water acidified 
with 20°mM phosphoric acid. In 10 mL volumetric flasks, 1 mL of phosphate buffer 
of pH°=°2, 100°μL of the indigo standard solution and 1°mL to 5°mL of water 
sampled directly from the ozonation column were added and the flask was filled with 
deionized water to the mark. All the reagents were added in quick succession with 
vigorous stirring. The samples were retrieved from the ozonation column after an 
equilibration time of approximately 1 hour for each value of the electrical current. 









3.9.5 Synthetic wastewater 
Table 3.9.5. Properties of the synthetic wastewater prepared with tap water or DI 
water. 
 Concentration/(mg L−1) 
peptone 16 
meat extract 11 
urea 3 
anhydrous dipotassium hydrogen phosphate (K2HPO4) 2.8 
sodium chloride (NaCl) 0.7 
calcium chloride dihydrate (CaCl2.2H2O) 0.4 
magnesium sulphate heptahydrate (Mg2SO4.7H2O) 0.2 
TOC (freshly prepared)a,b 13 ± 1d 
TOC (after 1 day of storage) 4 ± 1 
TOC (after 2 days of storage) 3 ± 1 
TN (tap water)a,c 10 ± 1 
TN (DI water) 5 ± 1 
 Value 
pH (tap water)e 7.4 ± 0.2 
a The concentration of total organic carbon (TOC) as non-purgeable organic carbon 
and total nitrogen (TN) was determined using a TOC analyzer (TOC-5000A, 
Shimadzu). 
b The TOC content was similar in tap water and in DI water. Storage was at room 
temperature, in the influent tank. 
c There was little change of the TN content during 2 days of storage at room 
temperature. Ammonia, nitrite and nitrate were not measured, but it can be assumed 
that ammonification and nitrification took place, while N-species remained in the 
aqueous phase. 
d The ± errors are the standard deviation of samples taken on different days (n = 3 
to 5). 
e In DI water, some of the buffering capacity was lost but pH was close to 8. 
 
3.9.6 Tracer tests 
System 1 
For tracer tests, the drinking water pumped through the system was fortified with 
0.5 mg L−1 fluorescein. The flow rate was 6 mL min−1. At regular intervals, 0.5 mL 
samples were taken from each of the different sampling points. These were mixed 
with 0.5 mL ammonia buffer. The fluorescein content was determined using a flow-
through fluorimeter (821-FP, Jasco, Japan; ex = 491 nm, em = 512 nm). Since the 
tracer substance fluorescein reacts with ozone, the breakthrough curves would suffer 
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disturbances. Thus, ozonation was switched off during the experiment and a 
comparable turbulence in the bubble column was achieved by the introduction of 
nitrogen.  
The advantage of manual sampling is that all sampling points can be sampled 
simultaneously. Alternatively, the flow-through fluorimeter can also be connected to 
the flow system. An additional peristaltic pump actively pumps a certain proportion 
of the water through the fluorimeter. Figure 3.9.5 gives an impression of this online 
measurement. With this procedure, only one sampling point can be sampled per run. 
A residence time of approx. 6 hours results over the entire system.  
 
Figure 3.9.5. Breakthrough of fluorescein (500 µg L−1 in tap water) through the 
complete System 1 (flow rate = 6 mL min−1) measured by online fluorescence 




Figure 3.9.6. Tracer breakthrough in the outlet of a single column for three flow rates 
modeled with CXTFIT. Crosses represent experimental data upon which the 




Figure 3.9.7. Breakthrough curve of diclofenac, carbamazepine and fluorescein 
through a single sand column (not inoculated). Flow rate was 5 mL min−1. The 
compounds were spiked in tap water (initial concentration of diclofenac and 
carbamazepine approx. 1 μmol L−1). 
 
3.9.7 Formation of ozonation products in System 2 
 
Figure 3.9.8. Formation of carbamazepine and diclofenac transformation products 
during ozonation on four different days. The samples were taken after the ozonation 
column. The ratio of the area of the target compound over the area of the internal 
standard is shown. Ozone dose was 1 mg L−1 to 2 mg L−1 and ozonation contact time 
was 10 minutes. Error bars refer to the standard deviation of duplicate samples. The 








3.9.8 MS/MS data for ozonation products in System 2 
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Chapter 4: Ozone mass transfer and 
reactions in bubble-less ozonation using 
membrane contactors 
 
This work is presented as a conventional thesis chapter. 
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Further content will be included in a manuscript that is currently being prepared for 
submission: 
Kämmler J, Zoumpouli GA, Chew YMJ, Wenk J, Ernst M. Natural organic matter 
(NOM) colour removal and bromate formation by membrane ozonation of 
groundwater. Manuscript in preparation. 
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analysis of trace organic contaminants. The experiments on bromate formation during 
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The use of membrane contactors for the bubble-less transfer of ozone into water and 
wastewater offers several advantages over conventional ozonation reactors. These 
advantages include a large and well-defined interfacial surface area and improved 
control over the ozone dosage. The aim of this study was to characterise the ozone 
mass transfer in a single tube membrane contactor and a hollow fibre membrane 
module. In addition, the ozone-induced oxidation of natural organic matter and trace 
organic contaminants and the formation of bromate as a by-product were investigated. 
Non-porous PDMS membranes of three different sizes were tested for the single tube 
setup, while the hollow fibre module consisted of 490 porous PTFE fibres. The ozone 
concentrations transferred into pure water ranged from below 1 to 25 mg O3 L−
1 with 
varying water flow rates and feed gas ozone concentrations. High dissolved ozone 
concentrations were achieved with low water flow rates, due to longer water residence 
times. Using the hollow fibre module to transfer a specific ozone dose of 
approximately 0.5 g O3/g C, a removal of at least 90% was observed for 19 out of 31 
trace organic contaminants that were detected in wastewater effluent. The membrane-
assisted ozonation of bromide-containing groundwater indicated that the non-uniform 
distribution of ozone inside the membranes can contribute to the formation of elevated 
bromate concentrations exceeding the regulatory limit of 10 μg bromate L−1. Overall, 
the single tube setup allowed a better fundamental understanding of membrane 
ozonation, while the larger membrane module shed light on issues that are relevant 
for practical applications. Based on the results, recommendations were made for the 




In ozonation plants for water and wastewater treatment, ozone is transferred from the 
gas into the liquid phase using bubble diffusers or side-stream injection (1) (see also 
Chapter 1, Section 1.3). Bubble-less ozonation using membrane contactors has 
emerged as an alternative technology with the potential to address issues associated 
with the traditional ozone delivery methods. These issues include short-circuiting and 




surfactants content (3), the difficulty in controlling the interfacial surface area of 
bubbles (4), and the loss of ozone in the off-gas, where it needs to be converted back 
to oxygen for disposal or reuse (5, 6). 
Membranes are mainly used in water and wastewater treatment for desalination, water 
purification and polishing of treated wastewater using the pressure-driven processes 
of membrane filtration and reverse osmosis (7). Membrane ozonation is a gas-liquid 
contacting process that is based on keeping the ozone gas and the water being treated 
separated by an ozone-permeable membrane that allows for bubble-less transfer of 
ozone (8). Membrane contactors offer several advantages, including a large and well-
defined interfacial surface area and more straightforward scale-up compared to multi-
chamber reactors (9). Membrane fouling, a common disadvantage of membrane 
processes, is less relevant for membrane ozonation reactors due to the concentration-
driven rather than pressure-driven mass transfer (9). Finally, membrane ozonation 
may allow easier and more economical recycling of the off-gas, due to the lower 
uptake of moisture by the gas which remains separated from the water (10). 
Membranes for bubble-less ozonation can be porous or non-porous (dense). The 
species transport through non-porous membranes is described by the solution-
diffusion mechanism, according to which molecules adsorb onto the membrane 
surface, diffuse through the membrane, and desorb on the other side (11, 12). Non-
porous membranes can separate molecules of similar size based on their different 
solubility, but the flux through them is generally three to five orders of magnitude 
lower than through porous membranes (13). 
The transport of ozone in a non-porous membrane contactor is demonstrated 
schematically in Figure 4.2.1. The mass transfer is governed by the gas and liquid 
films (boundary layers), the two solubility laws, and the diffusivity of ozone in the 
membrane material (14). Further details on mass transfer theory for membrane 
ozonation are provided in Section 4.4. Here, specific characteristics of the ozone 
concentration profile during the bubble-less ozone transfer by membrane contactors 
should be pointed out. Firstly, the ozone concentration in the liquid phase is not 
uniform, but decreases with increasing distance from the membrane wall (14). 
Secondly, the ozone dosage is distributed over the length of the membrane, so that 





Figure 4.2.1. Schematic of the concentration profile of ozone as it is transferred from 
a gaseous phase, across a non-porous membrane, into a liquid phase. Adapted 
from (14). 
In porous membranes used for gas-liquid contacting, the operational mode depends 
on the pressure difference between the two phases, as demonstrated in Figure 4.2.2. 
The liquid pressure has to be higher than the gas pressure to minimise bubble 
formation (16). The critical entry pressure (or breakthrough pressure) is the pressure 
at which the liquid penetrates inside the membrane pores, and depends on the surface 
tension of the liquid, the contact angle, and the size and shape of the membrane 
pores (17, 18). Since the diffusivity of ozone in water is four orders of magnitude 
lower than in the gas phase (14), it is advantageous for the membrane pores in ozone 
contactors to be flooded with gas to decrease the mass transfer resistance. Therefore, 
hydrophobic membranes are preferred for ozone transfer (19, 20). In non-wetted 
micro-porous membranes, both continuum diffusion and Knudsen diffusion 
determine the ozone diffusivity inside the membrane (21). Knudsen diffusion occurs 
when the mean free path of the diffusing molecules becomes larger than the pore 
size (22). 
Overall, a similar ozone concentration profile as shown in Figure 4.2.1 can be 
expected in micro-porous membrane contactors. The main difference is that the 
solubility of ozone in the porous membrane material can be assumed to have a 







Figure 4.2.2. Operational modes of gas-liquid contacting for ozone transfer using a 
hydrophobic micro-porous membrane at different liquid and gas pressures. PL: liquid 
pressure, PG: gas pressure, ΔPcrit: critical pressure difference.  
Experimental studies on bubble-less ozonation using different membrane materials 
and configurations are presented in Table 4.2.1. Among the commonly employed 
membrane configurations, hollow fibre modules have the largest specific surface area 
of around 2,000 to 5,000 m2 m−3 (24). For the same ozone transfer into a water 
stream, a hollow fibre setup can be two orders of magnitude smaller than a 
conventional bubble diffuser (25). In hollow fibre modules the packing density and 
the fibre length are key parameters affecting pressure drop, flow profiles and flux 
distribution (26, 27). 
Both ceramic and polymeric membranes have been used for ozone transfer (Table 
4.2.1). In addition to the membrane’s porosity and hydrophobicity which affect mass 
transfer, the membrane stability during long-term ozone exposure is crucial for 
practical applications (28). Ceramic membranes consist of different inorganic oxides 
and are characterised by high thermal, chemical and mechanical stability (29). 
Although ceramic membranes are ozone-resistant, their inherent hydrophilicity means 
that surface modification is required to obtain the hydrophobic behaviour that is 
beneficial for ozone mass transfer (20). In addition, maximising the specific surface 
area and minimising the associated membrane module size is limited by the difficulty 
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Polymeric membranes are generally cheaper than ceramic membranes, but also have 
a shorter lifespan (36). Their main advantages for ozone transfer are their inherent 
hydrophobicity and the well-established production of hollow fibres with diameters 
of a few μm (37). Polypropylene, polyethersulfone and other polymeric materials used 
for hollow fibre membranes are attacked by ozone, which results in structural changes 
and deterioration of mechanical properties (28). Polymers not readily reactive with 
ozone include polytetrafluoroethylene (PTFE), polydimethylsiloxane (PDMS) and 
polyvinylidene fluoride (PVDF), which are therefore the preferred materials for 
membrane ozonation (37). 
The membrane ozonation studies summarised in Table 4.2.1 investigated theoretical 
and practical aspects of ozone mass transfer, including the effect of membrane 
properties, module design and operational parameters on the transferred ozone 
concentrations. Important operational parameters include the water flow rate, the 
ozone concentration in the feed gas and the gas pressure (38, 39). Mathematical 




ozonation (14, 30, 39). Mass transfer studies were mostly performed in pure water or 
with model pollutants. In addition, membrane ozonation has been applied to study the 
oxidation of natural organic matter (NOM), which is a much more complex 
system (15, 32). 
NOM is a heterogeneous mixture of both low-molecular-weight species and 
macromolecules, such as proteins and polysaccharides, comprising various functional 
groups (40). A major source of NOM is the biological decay of plant tissue (41). The 
composition of NOM can be studied using a wide range of analytical techniques 
encompassing spectroscopy, chromatography, mass spectrometry and their 
combinations (42). NOM reacts with ozone during water treatment and can therefore 
increase the required ozone dose and cause the formation of by-products (43, 44). 
Chromophoric NOM containing unsaturated and conjugated structures absorbs 
ultraviolet and visible (UV-Vis) light. Certain structures thereof, mainly humic acids 
and proteins, also emit light as fluorophores (41). Spectroscopic techniques that 
measure optical parameters, such as UV-Vis absorbance and fluorescence, have been 
used to investigate the ozone degradation of NOM (45-47). In particular, UV 
absorbance at 254 nm (UV254) is a widely applied indicator of aromaticity that 
correlates well with the ozone reactivity of organic matter (48, 49). Excitation-
emission matrices (EEMs) are three-dimensional matrices (excitation, emission and 
fluorescence intensity) that can provide information on the oxidative removal of 
different fluorescent NOM fractions (50). For example, EEMs have been used to 
compare the effects of conventional ozonation and membrane ozonation on NOM 
composition (32). 
In some drinking water sources, the presence of NOM imparts colour to the water, 
affecting its aesthetic quality (51). The colour of water can be represented by the 
visible absorbance at 436 nm (VIS436) (52). Ozonation treatment can achieve the 
removal of colour because colour-absorbing NOM moieties are highly conjugated 
electron-rich systems that react readily with ozone (53, 54). Membrane ozonation has 
been applied for colour reduction in NOM-containing water, with the decolourisation 




Despite the existing literature summarised above, there are still considerable 
knowledge gaps in the membrane ozonation field. In contrast to conventional 
ozonation (see Chapters 2 and 3), very few studies have investigated the membrane 
ozonation of trace organic contaminants (TrOCs). The available studies used specific 
compounds at artificially elevated concentrations (15, 33). Therefore, the abatement 
of a wide range of compounds at levels intrinsically occurring in environmental 
samples has not yet been analysed in membrane ozonation systems. 
Another aspect of membrane ozonation that has been so far insufficiently addressed 
is the formation of bromate as a hazardous by-product in bromide-containing waters 
(see also Chapter 1, Section 1.4). All ozonation processes need to be optimized to 
achieve treatment goals whilst mitigating by-product formation. For example, 
improved NOM degradation is usually accompanied by increased bromate 
concentrations, although the reactor design and operational conditions can impact this 
trade-off (56). A technology that has shown potential in this regard is the membrane 
peroxone process, which is membrane ozonation combined with hydrogen peroxide 
addition to increase the formation of OH radicals (15). In this case, the gradual dosage 
of ozone along the membrane contactor may decrease the formed bromate 
concentrations compared to systems with fewer ozone dosing points (15). 
The aim of this study was to examine the use of different membrane ozonation systems 
for the treatment of water and wastewater, elucidating both the ozone mass transfer 
and specific applications. Initially, a single tube membrane contactor equipped with 
non-porous PDMS membranes was developed to allow for the study of fundamental 
mass transfer phenomena and comparison between experimental and theoretical 
findings. In the next step of the study, a much larger membrane module containing 
490 hollow fibres made of porous PTFE was used to represent more realistically how 
membrane ozonation can be applied in practice. In addition to experiments with pure 
water, complex water matrices were used to study the ozone-induced degradation of 
dissolved organic matter, the abatement of trace organic contaminants and the 
formation of bromate. 
The objectives that were pursued in this study were: 
• Elucidate the bubble-less ozone mass transfer into pure water, including 




• Examine the ozonation of model pollutants and natural organic matter 
• Investigate the abatement of trace organic contaminants at their inherent 
concentrations in wastewater effluent 
• Analyse the formation of bromate in bromide-containing groundwater 
• Compare the single-tube and the multi-tube membrane contactor and make 
recommendations for the design and operation of membrane modules for 
ozonation 
 
4.3 Materials and Methods 
4.3.1 Chemicals and water samples 
All chemicals and analytical consumables were purchased from commercial sources, 
such as Sigma Aldrich and Fisher Scientific. Ultrapure water (resistivity 
>18 MΩ cm−1) and deionised water were produced with a Milli-Q (Merck, Darmstadt, 
Germany) or an ELGA (Veolia, Paris, France) water purification system. 
Experiments were performed with pure (deionised) water or with one of the following: 
a) 10 μM para-chlorobenzoic acid (pCBA) in 10 mM phosphate buffer at pH 7, as an 
ozone-resistant model compound, b) humic acid sodium salt (Sigma Aldrich, CAS 
number 68131-04-4) at various concentrations (total organic carbon, TOC of 1.3 to 
13.7 mg L−1) in 10 mM phosphate buffer at pH 7, to study the ozonation of dissolved 
organic matter, c) river water, d) secondary treated wastewater effluent and e) treated 
groundwater, to study the ozonation of real water matrices. All the environmental 
samples were grab samples. Their properties along with sampling dates and locations 
are shown in Table 4.3.1. The river water and the wastewater effluent were filtered 
with glass microfiber filters of grade GF/F (nominal particle retention: 0.7 μm, 








Table 4.3.1. Water samples used as feed water in experiments (n/a: not measured). 
 Groundwater River water Wastewater effluent 






Waterworks in   
N Germany 
(finished water)a 
River Avon in 
SW England 
Wastewater treatment 
plant in SW England 
(final effluent)b 
pH 8.0 7.2 7.9 8.1 
TOC (mg L−1) 5.7 7.2 10.2 11.7 




80 240 180 n/a 
UV absorbance at 
254 nm (m−1) 
15.3 19.8 14.0 17.7 
VIS absorbance at 
436 nm (m−1) 
0.48 n/a n/a n/a 
a aeration, flocculation and softening, two-stage sand filtration and degassing 
b primary and secondary (biological) treatment 
 
4.3.2 Experimental setups 
PDMS single tube contactor 
The experimental setup developed for this study is shown schematically in Figure 
4.3.1. The specifications of the membrane contactor are presented in Table 4.3.2. A 
glass column (length 20 cm, outer diameter 22 mm, inner diameter 18 mm) with four 
ports was used as a single tube membrane contactor, with gas in the shell side and 
liquid inside the tube. A single PDMS membrane tube (Silastic®, Cole-Parmer, St. 
Neots, UK) was fixed at the central axis of the column and held in place by silicone 
seals. Perfluoroalkoxy alkane (PFA) tubing (outer diameter of 1/4” or 1/8’’) was used 
for connections both in the gas line and in the liquid line. The influent water was 
pumped using a diaphragm pump (FMM 20 KPDC-P, KNF, Sursee, Switzerland). 
The water flow was from bottom to top, in counter-flow with the gas. A three-port 





Figure 4.3.1. Schematic of the experimental setup for single PDMS membrane 
ozonation (Configuration 2). 
Two different configurations were used for the gas line: 
Configuration 1 (initial configuration): The flow rate of oxygen (99.5 % purity, BOC, 
Guildford, UK) was controlled with a rotameter (FLDO3306ST, Omega Engineering, 
Manchester, UK). Oxygen was supplied to the ozone generator (BMT 803N, BMT 
Messtechnik, Berlin, Germany). The outlet of the ozone generator was connected to 
an ozone analyser (BMT 964, BMT Messtechnik). The reactor gas outlet was 
connected to a heated catalyst (CAT-RS, BMT Messtechnik) that converted off-gas 
ozone back to oxygen. An additional line connecting the reactor directly with the 
oxygen supply was included to purge the system with oxygen when needed. 
Configuration 2 (upgraded configuration): Analogous to Configuration 1, the flow 
rate of oxygen was controlled with a rotameter (GY-68560-52, Cole-Parmer, St. 
Neots, UK) and supplied to the ozone generator whose outlet was connected to an 
ozone analyser. To simultaneously achieve low ozone concentrations and low gas 
flow rates entering the reactor, a flow split was used that by-passed a portion of the 
gas directly into the waste stream. Accurate split-flow control was achieved via a 
second rotameter (FLDO3306ST, Omega Engineering, Manchester, UK). The gas 
outlet of the membrane contactor was connected to a second identical ozone analyser 





Table 4.3.2. Specifications of the two membrane contactors. 
Membrane contactor Hollow fibre module Single tube contactor 
Membrane material porous PTFE non-porous PDMS 
Fibre outer diameter (mm) 1.9 2.1 3.2 6.4 
Fibre inner diameter (mm) 1.5 1.0 1.6 3.2 
Fibre wall thickness (mm) 0.2 0.6 0.8 1.6 
Fibre length (cm) 46 20 20 20 
Number of fibres 490 1 1 1 
Lumen volume (mL) 400 0.2 0.4 1.6 
Shell volume, minus the 
lumen (mL) 
1000 50 50 50 
Membrane surface area 
(m2)* 
1.1 0.0006 0.0010 0.0020 
Membrane specific surface 
area (m2 m−3)* 
2670 4000 2500 1250 
*Based on the inner diameter 
PTFE hollow fibre module 
A custom-made PTFE hollow fibre module, at half the size of commercial modules, 
was provided by Markel Corp (Plymouth Meeting, PA, USA). The experimental setup 
is shown schematically in Figure 4.3.2. The specifications of the module are presented 
in Table 4.3.2. The module was installed vertically using a metal frame. The module 
was operated with gas in the shell side and liquid in the lumen. Gas was distributed 
within the module through a perforated tube located at the central axis of the module 
(Figure 4.3.3). The module contained a single central baffle, in ‘transverse-flow’ 
design (57). The membrane material consisting of porous PTFE had a maximum pore 
size of 0.82 μm. The membrane porosity was assumed to be equal to 0.4. PFA tubing 
(outer diameter of 1/4” and 1/8’’) was used for connections both in the gas line and in 
the liquid line.  
The influent water was pumped using a peristaltic pump (503U, Watson-Marlow, 
Cornwall, UK). The liquid flow was from bottom to top, while the gas flow was either 
co-current or counter-current. A needle valve placed after the liquid outlet of the 
membrane module was used to adjust the liquid side pressure. A pressure sensor 
(PXM319-3.5GI, Omega Engineering, Manchester, UK) was installed between the 






Figure 4.3.2. Schematic of the experimental setup for PTFE membrane ozonation. 
 
Figure 4.3.3. Top view of the hollow fibre module, with the end cap removed. 
The flow rate of oxygen (99.5 % purity, BOC, Guildford, UK) was controlled with a 
rotameter (GY-68560-52, Cole-Parmer, St. Neots, UK). Oxygen was supplied to the 
ozone generator (BMT 803N, BMT Messtechnik, Berlin, Germany). The outlet of the 
ozone generator was connected to an ozone analyser (BMT 964, BMT Messtechnik). 
The oxygen/ozone mixture was then directed into the membrane module. The module 
gas outlet was connected to a gas dehumidifier (DT 100, BMT Messtechnik), a second 
identical ozone analyser and a heated catalyst (CAT-RS, BMT Messtechnik) to 






4.3.3 Experimental procedure 
The experiments were performed at room temperature, which varied between 15°C 
and 20°C. 
In experiments with the single tube contactor, the PDMS membrane was replaced after 
a few hours of use. The pressure exiting the oxygen cylinder was set to 0.9 bar. Gas 
pressure measurements were provided by the ozone analysers. Since the gas line was 
open to the atmosphere (at the outlet of the ozone destructor), the gas pressure was 
slightly above atmospheric (less than 1.1 bar) in configuration 1, and higher (1.2 to 
1.4 bar) in configuration 2. The gas flow rate through the contactor was set to 
100 mL min−1 (gas residence time of 30 s). Experiments with different ozone 
concentrations in the feed gas were performed (25 to 200 mg L−1). The water flow 
rate was varied between 0.5 and 17 mL min−1 and measured at the beginning of each 
experiment using deionized water and a balance. No control or measurement of the 
water pressure was performed due to the use of a non-porous membrane. The system 
was left to equilibrate for at least 10 minutes under given conditions before samples 
were taken. 
In experiments with the hollow fibre module, the pressure exiting the oxygen cylinder 
was set to 0.9 bar. Gas pressure measurements were provided by the ozone analysers. 
Since the gas line was open to the atmosphere (at the outlet of the ozone destructor), 
the gas pressure was slightly above atmospheric (less than 1.1 bar). An oxygen flow 
rate of 1 L min−1 was used (gas residence time in the contactor of less than 1 min). 
Experiments with different ozone gas concentrations were performed (15 to 
90 mg L−1). The water flow rate was varied between 40 and 1000 mL min−1 and 
measured gravimetrically or volumetrically. At low water flow rates, the pressure of 
the liquid side was increased to 1.1 bar by partially closing the needle valve, to avoid 
bubble formation. At higher water flow rates (>500 mL min−1) the needle valve was 
completely open, as the pump provided enough pressure to prevent gas bubbles (up 
to 1.4 bar). The absence of bubbles was verified by visual observation of the liquid 
outlet, since the PFA tubing used was translucent. The system was left to equilibrate 





4.3.4 Analytical methods 
The residual ozone was not quenched in samples taken for the analysis of optical 
parameters, trace organic contaminants, bromate and total organic carbon, described 
below. An appropriate time period ranging from one hour to overnight was allowed 
before analysis to ensure that the residual ozone had been naturally depleted. The 
samples were stored at room temperature in the dark until analysis. 
Dissolved ozone concentration 
The concentration of dissolved ozone in water was measured with the indigo 
method (58). An indigo stock solution was prepared by dissolving 1 mM potassium 
indigotrisulfonate in deionized water acidified with 20 mM phosphoric acid. A 
defined volume of ozonated water sample was added to a mixture of phosphate buffer 
for pH 2, indigo stock solution and non-ozonated water. Absorbance measurements at 
600 nm were performed with a UV-1601 spectrophotometer (Shimadzu, Milton 
Keynes, UK) or a Cary 100 spectrophotometer (Agilent, Stockport, UK) using 1 cm 
quartz glass cuvettes. The reduction in colour of the mixture is proportional to the 
ozone concentration added. 
UV-Vis and fluorescence spectroscopy  
Spectrophotometric analysis of samples was performed either with a Cary 100 
spectrophotometer (Agilent, Stockport, UK) using 1 cm quartz glass cuvettes, or with 
a Hach Lange DR 5000 spectrophotometer (Hach, Loveland, USA) using 5 cm quartz 
glass cuvettes. Groundwater samples that were not filtered before the experiments, 
were filtered prior to analysis using 0.45 µm polypropylene syringe filters (VWR 
International, Radnor, USA). Absorbance scans or absorbance measurements at 
specific wavelengths were performed. UV absorbance at 254 nm (UV254) was chosen 
to study the degradation of NOM. Specific UV absorbance (SUVA) was calculated 
by diving the UV254 by the TOC concentration. Visible absorbance at 436 nm (VIS436) 
was chosen to represent colour (52). 
Excitation-emission matrices (EEMs) were obtained with a Cary Eclipse 
fluorescence spectrophotometer (Agilent, Stockport, UK) using a 1 cm quartz glass 
cuvette. Excitation wavelengths were varied from 225 to 450 nm in 5 nm increments 




processed according to established methods (59, 60). Rayleigh and Raman scatter 
peaks were eliminated using an algorithm implemented with MATLAB R2018b. The 
inner filter effects were corrected using absorbance values (measured separately at 
the same scan rate of 600 nm min−1). The fluorescence intensity was converted from 
arbitrary units to Raman units (RU) using the Raman peak of deionised water. Total 
fluorescence was calculated as the sum of the regionally integrated fluorescence 
intensity of five operationally defined regions of the EEM with specified boundaries 
of excitation and emission wavelengths (see Appendix, Table 4.8.2).  
Trace organic contaminants 
The samples of wastewater effluent before and after ozonation were analysed with a 
method that can detect 90 compounds by liquid chromatography-tandem mass 
spectrometry (LC-MS) using a Waters Acquity UPLC system (Waters, Manchester, 
UK) coupled to a Xevo Triple Quadrupole Mass Spectrometer (Waters, Manchester, 
UK) equipped with an electrospray ionisation source. The determination of acidic and 
basic compounds was performed in negative and positive ionisation mode, 
respectively. Prior to LC-MS analysis, solid phase extraction was performed using 
Oasis HLB cartridges (Waters, Manchester, UK) to concentrate the samples by a 
factor of 100. A detailed description of the analytical protocol, including method 
performance, can be found elsewhere (61). Triplicate samples were analysed for the 
initial wastewater effluent and duplicate samples after each ozonation experiment. 
The analytical protocol was started on the same day as the experiments. 
A sample of the initial wastewater effluent and an ozonated sample were subsequently 
also analysed using a Dionex UltiMate 3000 UHPLC system (Thermo Fisher 
Scientific, UK) connected to a maXis HD QToF mass spectrometer (Bruker, 
Coventry, UK) with a previously established method (62). The collection of full-scan 
spectra allowed for the potential detection of unknown or suspect compounds not 
included in a pre-defined target list. Data processing was performed using the Data 
Analysis software version 4.3 (Bruker Daltonik GmbH, Bremen, Germany). Suspect 
screening was performed based on the mass of molecular ions ([M+H]+ or [M−H]−) 
within a mass accuracy of ± 0.005. Only peaks with absolute intensity higher than 
2000 were considered. Peaks that were also present in a MilliQ water blank sample 





The concentration of total organic carbon (TOC) was determined using a TOC-5000A 
analyser (Shimadzu, Milton Keynes, UK). TOC was measured as non-purgeable 
organic carbon. The pH was measured with a FE20 pH meter (Mettler Toledo, 
Leicester, UK). Alkalinity was determined by titration with 0.1 N hydrochloric acid 
according to ISO standard 9963-1:1994 (63). 
Bromate concentrations were measured at the Hamburg University of Technology 
according to ISO 11206:2011 by ion chromatography with post-column reaction and 
UV detection of triiodide (64). A Metrohm IC with an ASupp16 column (Metrohm 
AG, Herisau, Switzerland) was used. Bromide was measured by ion chromatography 
with conductivity detection using the same Metrohm IC with an ASupp5 column 
(Metrohm AG, Herisau, Switzerland). 
 
4.4. Theory and Calculations 
The overall mass transfer coefficient of ozone (KL) in membrane ozonation can be 
described as a series of resistance terms: resistance of the gas film, the membrane and 












          (4.4.1) 
Where km, kG and kL are the mass transfer coefficients of ozone within the membrane, 
the gas and the liquid, respectively, dm,o is the outer membrane diameter, dm,in the inner 
membrane diameter, dm,ln the logarithmic mean membrane diameter, H the solubility 
(Henry’s law constant) of ozone in water and S the solubility of ozone in the 
membrane material. For the PTFE hollow fibres, S was considered equal to 1 (namely 
solubility in the porous membranes was ignored). 
The mass transfer coefficient of ozone within the non-porous PDMS membrane can 




× RT          (4.4.2) 
Where P is the permeability of ozone through PDMS, δ = (dm,o-dm,in)/2 the membrane 




The following equations apply for the porous PTFE membrane, assuming that the 























          (4.4.4) 
Where ε is the membrane porosity, τ the membrane tortuosity, Dm,O3 the effective 
diffusion coefficient of ozone in the membrane, Dg,O3 the continuum gas diffusion 
coefficient, DK the Knudsen diffusion coefficient, MΟ3 the molecular weight of ozone 
and rp the membrane pore radius. 
The gas-side and the liquid-side mass transfer coefficients of ozone can be calculated 
from the Sherwood number (Sh), which can be estimated from the Reynolds number 
(Re) and the Schmidt number (Sc) using a mass transfer correlation. Re and Sc for the 
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ν
DO3
          (4.4.5) 
Where u is the flow velocity, ρ the density, μ the viscosity, ν = μ/ρ the kinematic 
viscosity and DO3 the diffusivity of ozone in each phase (DL,O3 or DG,O3). The diameter 
used is the inner diameter of the membrane (dm,in) for the liquid and the hydraulic 
diameter of the shell (ds,h) for the gas. The ds,h of the hollow fibre module was 







          (4.4.6) 
Where ds,in is the inner diameter of the shell, dt,o the outer diameter of the central tube 
and n the number of fibres. 
For the liquid in the lumen of the single tube contactor and the hollow fibre module, 
the Leveque correlation was used, which predicts tube-side mass transfer coefficients 
when the Graetz number is large (9). The Graetz number is the product of Re, Sc and 












          (4.4.7) 
For the gas in the shell of the single tube contactor and the hollow fibre module a 





= 0.055 Re0.72Sc0.33          (4.4.8) 
After calculating km, kL and kG, KL can be determined from equation 4.4.1. In addition, 









)          (4.4.9) 
Where α is the surface area of the membrane per unit volume of liquid (specific 
surface area), Cg the ozone concentration in the gas phase (assumed to be constant and 
equal to the feed gas concentration) and CL,out the ozone concentration in the effluent 
of the reactor.  
The physical properties of ozone used in the calculations above are shown in Table 
4.4.1. 
Table 4.4.1. Physical properties of ozone used for mass transfer calculations. 
Property Value Reference 
Solubility in PDMS (S) 0.881 (67) 
Solubility in water (H) 0.30 at 20°C, 0.35 at 15°C (68) 
Permeability in PDMS (P) 10−12 mol m−1 s−1 Pa−1 (69) 
Diffusivity in water (DL,O3) 1.55 × 10−9 m2 s−1 (70) 
Diffusivity in oxygen (DG,O3) 1.65 × 10−5 m2 s−1 (71) 
The presence of chemical reactions in the liquid phase promotes the ozone transfer 
through the membrane, by increasing the concentration gradient (72, 73). The Hatta 
number (Ha) is defined as the ratio of the rate of ozone consumed in the liquid film to 
the rate of mass transfer across the liquid film. If it is assumed that the ozone decay 
due to reaction with dissolved organic matter is a single first-order irreversible 
reaction (74), the Hatta number can be calculated from the kL and the first-order rate 







          (4.4.10) 
Three kinetic regimes can be distinguished based on the value of the Hatta number: 
slow, intermediate and fast. In the slow regime, the reaction takes place in the liquid 
bulk and the mass transfer is not enhanced (Ha<0.3). In the intermediate regime, the 
reaction occurs both in the liquid film and in the bulk and the mass transfer is 
accelerated (0.3<Ha<3). In the fast regime (Ha>3), the reaction occurs only within the 
liquid film leading to a high enhancement of mass transfer (76). 
 
4.5 Results and discussion 
4.5.1 Transfer of ozone into pure water using a single tube membrane contactor 
The PDMS single tube contactor was used to study the parameters affecting the 
transfer of ozone into pure (deionised) water. Based on the literature and on mass 
transfer theory, two of the main operational parameters in membrane ozonation are 
the water flow rate (liquid side velocity and liquid residence time) and the ozone 
concentration in the feed gas (38, 39). The single tube contactor also allowed for the 
study of the membrane size. For the commercially available PDMS membranes, the 
thickness and inner diameter changed simultaneously (see Table 4.3.1). The effect of 
the water flow rate, the feed gas ozone concentration and the membrane size on the 
bubble-less ozonation of pure water is demonstrated in Figure 4.5.1. 
The feed gas ozone concentration had a small or moderate influence on the dissolved 
ozone concentration. Doubling the gas concentration increased the dissolved 
concentration by less than 50%, and mainly at the lowest water flow rates. This is due 
to the high gas concentrations used in these experiments, which meant that the 
available amount of ozone entering the system was not the factor limiting mass 
transfer. 
The transferred ozone concentration increased with decreasing water velocity and 
with increasing water residence time. All flow rates used were in the laminar flow 
regime (Re<300), while the residence time varied from <1 s to 100 s. The bubble-less 
transfer of ozone into water is liquid-phase controlled, i.e. the main resistance for 




transfer because they decrease the thickness of the liquid film (39). Despite this, a 
long residence time (low flow rate) was more important to achieve high ozone 
concentrations in this setup. In practice, sufficiently long residence times could be 
maintained during water treatment by operating multiple membranes in parallel. 
 
Figure 4.5.1. Dissolved ozone concentration in the outlet of the PDMS single tube 
contactor vs. the liquid side velocity, with three different membrane sizes (ID: inner 
diameter, WT: wall thickness) and two feed gas ozone concentrations (110 and 
200 mg L−1). The feed water was pure (deionised) water.  
It is expected that an increase in the wall thickness of a non-porous membrane 
increases the resistance to mass transfer (see equation 4.4.2). Indeed, the ozone 
concentration was lower in the outlet of the thickest tube (3.2 mm inner diameter, 
1.6 mm wall thickness), even though the residence time was longer for a given water 
velocity. The effect of membrane thickness is generally minor for porous 
membranes (25, 77), with the exception of hydrophilic membranes with wetted 
pores (19). The wall thickness affects not only the ozone mass transfer through non-
porous membranes, but also their mechanical properties (78), which should be taken 
into account when designing a membrane contactor. 
Since the membranes used were non-porous, control of the pressure difference 
between the gas and the liquid phase was not implemented for this setup. The 
formation of small bubbles was observed in the liquid phase in some of the 




wetting of the internal membrane surface, which created patches with lower resistance 
to ozone transfer. Bubbles usually disappeared during the equilibration period. 
The experiments were repeated with different membranes (pieces cut from one length 
of tubing). The results showed good repeatability (see Figure 4.5.1 where two repeats 
are shown for the feed gas ozone concentration of 110 mg L−1). The experimental 
uncertainty was calculated as approximately ±0.2 mg L−1. 
The effect of the three parameters discussed above on membrane ozonation using a 
PDMS single tube contactor has been previously described by Computational Fluid 
Dynamics (CFD) simulations (14). The experimental results of this study were 
compared to CFD results obtained using the same conditions, and close agreement 
between the two was found (Appendix, Section 4.8.1). Therefore, fundamental 
convection-diffusion theory can be used to predict the ozone transfer in a single tube 
contactor in the absence of chemical reactions. 
 
4.5.2 Transfer of ozone into pure water using a hollow fibre module 
Single membrane contactors are not realistic from a practical viewpoint but can serve 
as a simplified system to understand more complex membrane module construction 
and operation. A module comprising 490 porous PTFE fibres was used as a more 
realistic representation of the flow conditions and potential operational challenges that 
are present in a large-scale ozonation system. 
Experiments with pure water showed a linear relationship between the dissolved 
ozone concentration in the water outlet of the module and the ozone concentration of 
the feed gas (Figure 4.5.2). The slope of the trend line decreased at higher water flow 
rates, due to shorter residence times in the contactor. When the residence time was 
increased to more than 2 minutes (liquid velocity less than 0.002 m s−1), the dissolved 
ozone concentration did not increase further, having reached a maximum value that 





Figure 4.5.2. Dissolved ozone concentration in the outlet of the hollow fibre module 
versus feed gas ozone concentration at different liquid side velocities, with linear trend 
lines and their equations and R2 coefficients. The feed water was pure (deionised) 
water. 
It is crucial to establish a range of operational pressures for micro-porous membrane 
ozonation, to minimise both bubble formation and membrane pore wetting (38). All 
the experiments shown in Figure 4.5.2 were performed at the same liquid pressure of 
1.10 bar, except for those at the highest flow rate (950 mL min−1) where the minimum 
pressure delivered by the pump was 1.23 bar. The range of transmembrane pressures 
was therefore approximately 0.05 to 0.20 bar, which is similar to the values reported 
for membrane ozonation with flat sheet PTFE membranes (25), and with tubular 
ceramic membranes (30). The critical pressure for a water-air system at the surface 
of micro-porous PTFE fibres is approximately 0.8 bar (18), which is much higher 
than the transmembrane pressure used in the experiments. 
As mentioned previously, convection-diffusion theory can offer valid estimations of 
the ozone transfer in a single tubular membrane. However, there are additional 
factors affecting mass transfer in larger membrane modules, due to their more 
complex structure and shell-side flow patterns (9, 57). Despite the ‘transverse-flow’ 
design of the module used in this study, it is possible that some of the gas passes 
through the module without contacting the membranes (gas by-pass), while inner 
membranes positioned close to the central distribution tube likely receive more ozone 
than the outer membranes (see Figure 4.3.3). The experiments cannot provide 




(Appendix, Section 4.8.2) indicated that CFD simulations can be a valuable tool to 
optimise the design of hollow fibre modules for membrane ozonation, though this 
was not further pursued in this study. 
 
4.5.3 Mass transfer coefficients of ozone in membrane ozonation 
The mass transfer coefficients of ozone for the membrane ozonation of pure water 
were calculated both theoretically and from experimental data, as described in Section 
4.4. The theoretical membrane, liquid-side and gas-side mass transfer coefficients for 
the four setups used in the experiments are shown in Table 4.5.1. It is sometimes 
assumed that the total mass transfer resistance in membrane ozonation is 
approximately equal to the liquid-side resistance (55). Nevertheless, previous studies 
have pointed out that the membrane resistance (14), and the gas-side resistance (39), 
can have a significant contribution. 
Table 4.5.1. Theoretical membrane, gas-side and liquid-side mass transfer 
coefficients of ozone for the four membrane setups, at a liquid flow velocity of 
0.01 m s−1. 
 PDMS  
1.0 mm ID 
PDMS 
1.6 mm ID 
PDMS 
3.2 mm ID 
PTFE 
km (m s−
1) 4.4 × 10−6 3.0 × 10−6 1.5 × 10−6 4.4 × 10−3 
kG (m s−
1) 2.2 × 10−4 2.3 × 10−4 2.7 × 10−4 5.4 × 10−4 
kL (m s−
1) 8.0 × 10−6 6.8 × 10−6 5.4 × 10−6 4.9 × 10−6 
The membrane resistance was negligible for the porous PTFE membranes. In contrast, 
it constituted 30 to 46% of the total resistance for the non-porous PDMS membranes, 
which agrees with the experimentally observed effect of the membrane thickness for 
the PDMS contactor. The gas film resistance was very low and contributed less than 
1% to the total resistance in all setups. However, the calculation of kG was based on a 
general empirical mass transfer correlation that may not be accurate for all module 
designs (66). The liquid film resistance was of the same order of magnitude as the 
membrane resistance for the PDMS contactor, while it was practically equal to the 
total resistance for the PTFE hollow fibre module. 
Figure 4.5.3 shows a comparison between the experimental and theoretical overall 




theoretical KL does not depend on the feed gas ozone concentration, so an average of 
different feed gas ozone concentrations is shown for the experimental KL. The 
experimental KL of the PTFE module was comparable to the values of the PDMS 
contactor. It should be noted that similar KL values may correspond to very different 
dissolved ozone concentrations. Therefore, both the KL and the transferred ozone 
concentration should be taken into account when optimising the operation of a 
membrane contactor for ozonation (39). 
 
Figure 4.5.3. Overall mass transfer coefficients of ozone (KL) for the two membrane 
contactors at a liquid side velocity of 0.01 m s−1. Error bars indicate the range of feed 
gas concentrations applied in the experiments (two for PDMS, five for PTFE). 
For the single tube contactor, the theoretical prediction of KL was generally in good 
agreement with the experimental values, with an average relative difference of 31% 
across all membrane sizes and liquid side velocities. The theoretical KL underwent a 
smaller decrease with increasing membrane size than the experimental KL, indicating 
that some effects of the membrane size are not captured by the theoretical approach. 
This could include effects on experimental measurements, for example lower ozone 
concentrations were measured with larger membrane size. 
An average relative difference of 36% was observed for the hollow fibre module, with 
higher theoretical than experimental values. This discrepancy can be attributed to an 
underestimation of the gas and liquid film resistances by the theoretical approach, for 
example due to non-ideal flow conditions within the module shell, such as gas by-
pass, that may not be captured by the mass transfer correlation used for the gas (66). 
In addition, experimental errors (e.g. ozone losses) may have led to an 




4.5.4 Ozone reactions in a single tube membrane contactor 
In addition to studying ozone mass transfer in pure water, the effect of operational 
parameters on the membrane ozonation of organic compounds needs to be assessed. 
pCBA was chosen as an ozone-resistant model contaminant since it has been 
extensively used as a probe compound to assess OH radical-induced oxidation 
processes in ozonation (79). The enhancement of ozone mass transfer can be assumed 
to be negligible in experiments with pCBA in pure buffered water due to the low 
concentration used (10 μΜ) and the very low ozone reactivity of pCBA. In addition, 
experiments were performed with complex water matrices of humic acids, river water 
and wastewater effluent. In this case, the mass transfer enhancement may have been 
substantial, however it was not the focus of this set of experiments.  
Figure 4.5.4.A shows the degradation of pCBA in pure water with different membrane 
sizes and varying residence time in the reactor. The pCBA removal increased with 
lower membrane thickness and with longer contact times, due to higher transferred 
ozone concentrations leading to increased OH radical formation. As a result, the 
thickest membrane tube achieved only partial removal of pCBA even with the longest 
residence time of 30 s. For the middle-sized membrane, the removal of pCBA in a 
humic acid solution, in river water and in wastewater effluent is also shown. The 
complex water matrices significantly lowered the removal efficiency of pCBA 
compared to pure water, due to matrix components acting as OH radical and ozone 
scavengers (80). The lowest removal was observed in wastewater effluent, which had 
the highest TOC content among the tested waters. 
The degradation of ozone-resistant compounds such as pCBA can be improved by 
addition of hydrogen peroxide to the water prior to passage through the membrane 
contactor (membrane peroxone process) (15). However, adding hydrogen peroxide 
only made a marginal difference in the single tube membrane contactor, and was 
therefore not investigated further. An ozone to hydrogen peroxide ratio of 2:1 was 
chosen as it is generally considered optimal to maximise the formation of OH 
radicals (81). The limited effect of hydrogen peroxide addition may have been due to 
the non-uniform concentration of ozone inside the membrane (see Figure 4.2.1), 




was calculated without taking into account the potential enhancement of ozone mass 
transfer due to reaction with hydrogen peroxide and matrix components (37). 
 
Figure 4.5.4. A. Removal of pCBA in different water matrices with three membrane 
sizes and a feed gas ozone concentration of 110 mg L−1. Black symbols represent pure 
buffered water, and coloured symbols represent a humic acid solution (TOC 
8.3 mg L−1), river water (TOC 7.2 mg L−1) and wastewater effluent (TOC 
10.2 mg L−1). B. Relative change in UV254 absorbance for river water, wastewater 
effluent and humic acid solutions of different TOC, 1.6 mm ID membrane, 4 s 
residence time, 110 mg L−1 feed gas ozone concentration. 
In addition to the removal of a model contaminant, the degradation of the dissolved 
organic matter in different water matrices (river water, wastewater effluent and humic 
acid solutions) was studied by measuring UV254 absorbance. Figure 4.5.4.B shows 
relative changes in UV254 versus the feed water TOC, at a set water velocity and feed 
gas ozone concentration. Since all other parameters were fixed, an increase in TOC 
signifies a decrease in specific ozone dose (g O3/g C). The ozone concentration 
measured in pure water under the same conditions (1.9 mg O3 L−
1) gives an indication 
of the minimum transferred ozone doses (0.1 to 1.5 g O3/g C) if the mass transfer 
enhancement is low. 
The UV254 removal decreased strongly with increasing TOC up to around 4 mg C L−
1 
and plateaued after that. Two distinct phases have been previously observed for the 
UV254 removal versus the specific ozone dose and are attributed to organic matter 
moieties with different ozonation kinetics (i.e. fast-reacting moieties are depleted at 
low ozone doses while slowly-reacting moieties at higher ozone doses) (82). The 
results for river water and wastewater effluent, which correspond to one TOC 




different TOC concentrations was tested. Differences in alkalinity (see Table 4.3.1) 
and the origin of the sample can affect the ozone reactivity of organic matter (80), 
however these effects appeared to be minor in this case. 
Overall, the data from membrane ozonation of pCBA and dissolved organic matter 
demonstrate the versality of the single tube setup for experimental investigations 
requiring a range of ozonation conditions. The dissolved ozone concentration can be 
easily controlled by varying water flow rate and membrane size, leading to the desired 
extent of target contaminant removal or change in water quality parameters. It is, 
however, important to assess whether this straightforward adjustment of treatment 
conditions can be extended to larger-scale membrane ozonation systems. 
 
4.5.5 Membrane ozonation of trace organic contaminants and dissolved organic 
matter using a hollow fibre module 
The hollow fibre module was used to assess the abatement of TrOCs that were 
present in a secondary treated wastewater sample at very low, intrinsically occurring 
concentrations. In addition, the ozonation of the dissolved organic matter was 
evaluated using spectrophotometric analysis. A constant water flow rate was applied, 
leading to a residence time in the reactor of 4 min, while the feed gas ozone 
concentration was varied to achieve three different ozone doses. The transferred 
specific ozone doses can be estimated from pure water measurements (assuming 
negligible enhancement of mass transfer) as 0.5, 0.9 and 1.3 g O3/g C. Table 4.5.2 
shows the change in some water quality parameters with varying feed gas ozone 
concentration. 
As expected, little mineralisation (TOC removal) was achieved under the employed 
conditions. The removal of UV254 absorbance ranged from 49% to 59% (see also 
Appendix, Figure 4.8.5). Therefore, more than doubling the feed gas ozone 
concentration led to a small improvement of UV254 reduction. This indicates that the 
highly reactive fraction of organic matter was already oxidised at the lowest ozone 
dose, while the additional ozone transferred at the other two ozone doses partly 





Table 4.5.2. Main parameters of the wastewater effluent before and after ozonation 










Feed gas ozone 
concentration (mg L−1) 




- 2.2 4.9 7.6 
pH 8.1 8.0 8.0 7.8 
TOC (mg L−1) 11.7 12.1 11.5 10.5 
UV254 (cm−1) 0.177 0.090 0.080 0.073 
SUVA (L mg−1 m−1) 1.51 0.75 0.70 0.69 
Total Fluorescence 
(RU nm2) 
322400 18900 7600 2100 
The lowest ozone concentration applied was enough to achieve a 94% removal of 
total fluorescence (TF) (Table 4.5.2). Higher ozone doses had a minor additional 
effect on the remaining fluorescence. TF generally undergoes greater decrease than 
UV254 at a given ozone dose (84, 85). This can be explained by differences in 
reactivity and/or in reaction mechanisms. Oxidised dissolved organic matter 
maintains some residual UV absorbance because of the formation of UV-absorbing 
reaction products that do not, however, fluoresce (47). In addition, it has been 
suggested that electronic interactions (e.g. charge transfer) between oxidised 
molecules result in an ‘inert fraction’ of dissolved organic matter which absorbs UV 
light even after treatment with high ozone doses (84, 86). 
In addition to TF, which is a bulk parameter, more detailed information can be 
obtained by examining the different peaks in the EEM (Appendix, Figure 4.8.6 and 
Table 4.8.2). The major fluorescent components of dissolved organic matter are 
humic material containing aromatic carbonyl moieties, and protein fractions with 
structures related to tryptophan and tyrosine (87-89). Five previously proposed 
regions defined by specific excitation and emission wavelengths were present in the 
EEM of the initial wastewater sample (Appendix, Figure 4.8.6A): tyrosine-like 
aromatic protein, tryptophan-like aromatic protein, fulvic acid-like matter, soluble 
microbial by-product-like matter and humic acid-like matter (59, 90). Protein peaks 
are usually sewage-derived, while humic and fulvic acids originate from natural 




The protein peaks were removed first by membrane ozonation, while fulvic acids and 
humic acids were more ozone-resistant (Appendix, Figure 4.8.6B, C, D). This is in 
accordance with previous ozonation studies (50, 92, 93), and could be an indication 
of differences in concentration, molecular size and ozone-reactive sites for the 
different compound types (94). Aromatic amino acids are the main sites for ozone 
attack in protein structures (95). The ozone reactivity of humic acids depends on their 
chemical structure, which varies depending on hydrologic, seasonal and many other 
factors (48).  
Out of the 90 TrOCs included in the employed LC-MS method, 12 were quantified 
in the wastewater effluent. 8 of those could also be quantified in one or more of the 
ozonated samples, while 4 were below the limit of quantification after ozonation. 17 
further TrOCs were detected in the wastewater effluent but could not be quantified 
due to analytical issues, such as quality controls not meeting the required criteria or 
concentrations exceeding the linear range of the calibration curve. The results for 
these compounds are provided semi-quantitatively. 11 of the semi-quantitative 
compounds were also detected in one or more of the ozonated samples. The 
concentration of the 29 TrOCs before and after ozonation is shown in the Appendix, 
Table 4.8.3, while ozonation removal percentages are presented in Figure 4.5.5.  
The compound with the highest quantified concentration in the wastewater effluent 
sample was acetaminophen (1.5 μg L−1), while other compounds detected with high 
signals that could not be accurately quantified were benzophenone-4, metformin, 1,7-
dimethylxanthine and carbamazepine-10,11-epoxide. The results are generally in line 
with other studies that analysed wastewater effluent sampled in the same region (SW 
England) (61, 96). 
The abatement of TrOCs at their original low concentrations in wastewater effluent 
has been well studied with conventional ozonation systems, including pilot-scale and 
large-scale plants (97-100). However, there is no information available for membrane 
ozonation systems. In this study, a removal higher than 90% was observed for 21 of 
the detected compounds. In addition, this removal was in most cases already achieved 
with the lowest ozone dose. This agrees with the results of the spectrophotometric 
analysis. It has been reported that a UV254 reduction higher than 50% and a TF 




TrOCs with high and moderate ozone reactivity (101). Cotinine and metformin were 
the compounds that demonstrated the effect of the ozone dose most clearly, since 
they both have a low ozone reactivity (see Chapter 2, Table 2.4.1 for more 
information on the ozone reactivity of the analysed TrOCs). In many cases the effect 
of varying the ozone dose could not be observed due to the TrOC concentrations 
being close to or below the method quantification limit. 
 
Figure 4.5.5. Removal percentage of TrOCs with three ozone doses (low, medium 
and high, see Table 4.5.1). TrOCs that were analysed quantitatively are shown above 
the dashed line and semi-quantitatively below the dashed line. Concentrations below 
the method quantification limit were considered equal to the method quantification 




When comparing these results with those presented in Chapter 2, different removal 
percentages were observed for several compounds, despite the use of similar specific 
ozone doses. An important difference between the two datasets is that experiments 
in Chapter 2 were performed with elevated concentrations of TrOCs (approximately 
100 μg L−1 each). In this work, TrOCs were only present at trace concentrations (most 
of them below 1 μg L−1), therefore the wastewater effluent matrix was dominated by 
the bulk organic matter. Even when the ozone dose is normalised to the TOC content, 
the varying reactivity of the aqueous matrix can lead to different extents of TrOC 
attenuation (102). In addition, the data of Chapter 2 were obtained by performing 
batch experiments with injection of ozone stock solution under stirring. The different 
ozone concentration profile in those experiments (uniform ozone distribution after a 
single injection) compared to membrane ozonation (areas of increased ozone 
concentration and continuous injection) may have also affected the observed 
abatement of TrOCs. As a next step, it would be of particular interest to compare the 
abatement of TrOCs in membrane ozonation and in conventional ozonation (e.g. a 
bubble reactor) under equivalent conditions. 
The removal efficiencies of the parent compounds in membrane ozonation should be 
accompanied by information on reaction mechanisms and product formation. High 
resolution mass spectrometry with subsequent suspect screening was employed to 
observe the formation of ozonation products. A list of 176 TrOC ozonation products 
was compiled based on the available literature (Appendix, Table 4.8.4). A sample of 
the initial wastewater effluent and a sample ozonated with the lowest ozone dose 
were analysed and screened. In positive mode, 64 out of 174 suspect masses were 
detected in the initial wastewater effluent prior to ozonation, with 30 of them 
disappearing after ozonation. This could indicate that these masses did not 
correspond to ozonation products or that the compounds reported as ozonation 
products had already been formed in the wastewater effluent from different processes 
such as microbial degradation of TrOCs. 17 suspect masses were only present after 
ozonation, but with very low intensities, including masses corresponding to 
ozonation products of fexofenadine, metformin and trimethoprim. Similarly, in 
negative mode, 98 out of 174 suspect masses were detected in the initial wastewater 
effluent prior to ozonation, with 43 of them disappearing after ozonation, while 14 




Non-target and suspect screening of TrOCs and their transformation products has 
attracted increasing attention in recent years, leading to the development of 
sophisticated methods and workflows (103-106). Non-target screening refers to the 
detection of unknown compounds without prior information, while suspect screening 
relies on available compound-specific information, such as molecular formula and 
structure, but does not require reference standards (107). Even if the mass of a suspect 
compound is detected in samples, additional confirmatory steps need to be applied to 
reduce or eliminated false positive findings (107). Further work is thus required to 
improve and validate the methodology used in this study. Next steps should include 
the implementation of automated routines to filter the primary mass search results 
(e.g. taking into account the isotope pattern and the predicted retention time) and 
interpretation of fragmentation patterns generated by tandem mass spectrometry to 
support structure assignment. In addition, the initial results presented here are only 
based on the analysis of two samples. The development of an automated routine 
would allow for processing of a larger volume of data which could provide valuable 
insights into the formation of transformation products in membrane ozonation. 
Overall, this study demonstrated that high removals of TrOCs in wastewater effluent 
can be achieved with a hollow fibre module resembling commercial systems 
operating with a feed gas ozone concentration of 22 mg L−1 or higher and a liquid 
residence time of 4 min. Reaction mechanisms and product formation need to be 
further elucidated according to the initial findings of this study. 
 
4.5.6 Bromate formation in membrane ozonation treatment of groundwater 
A bromide-containing groundwater was used to assess the formation of bromate along 
with the removal of colour during membrane ozonation with the PDMS single tube 
contactor and the PTFE hollow fibre module. The groundwater used had a high TOC 
concentration (5.7 mg L−1) and a high colour (VIS436 = 0.48 m−
1). Figure 4.5.6 shows 
the four parameters measured at the water outlet of the two ozone contactors: residual 
ozone concentration, UV254 and VIS436 absorbance, and bromate concentration. Gas-
liquid co-current flow instead of counter-current flow was tested for one water flow 





Figure 4.5.6. Change of residual ozone concentration, UV absorbance at 254 nm, VIS 
absorbance at 436 nm and bromate concentration in ozonated groundwater versus the 
ozone concentration in the feed gas for the single tube contactor and the hollow fibre 
module. Starting values of UV254 and VIS436 are marked as X. 
As in experiments with pure water (Section 4.5.2), a linear relationship between the 
dissolved (residual) ozone concentration and the feed gas ozone concentration was 
observed with the hollow fibre module. Using groundwater instead of pure water did 
not significantly alter the slopes of the trendlines. However, in experiments with pure 
water the y-intercept of the trendlines was close to zero (see Figure 4.5.2). The 
negative y-intercept obtained from the groundwater data (−2 to −1 mg L−1) roughly 




residence time in the reactor (26 to 60 s). The amount of ozone consumed within 20 s 
after ozone addition is termed instantaneous ozone demand (108). 
Lower residual ozone concentrations were generally measured for the single tube 
contactor compared to the larger membrane module at the same or even at higher feed 
gas ozone concentrations. This can be partly attributed to the different membrane 
material and surface area, but also to shorter residence times in the single tube 
contactor (2 to 20 s). Due to the different water flow rates used in the two systems, 
there may have also been higher ozone degradation between the single tube contactor 
outlet and the sampling point. 
In agreement with previous observations (85), UV254 decreased with increasing 
dissolved ozone concentrations and ozonation times, which were achieved with higher 
feed gas ozone concentrations and/or lower water flow rates. The maximum UV254 
removal achieved by both membrane contactors was 69%, but it occurred under 
different conditions (higher feed gas ozone concentration and shorter residence time 
for the single tube contactor). 
The visible colour (VIS436) followed a similar trend as UV254 absorbance for the 
hollow fibre module, although in this case the decrease levelled off at high ozone 
concentrations. At the lowest feed gas ozone concentration of 25 mg L−1 and the 
highest water flow rate of 920 mL min−1, VIS436 increased compared to the initial 
value of the feed water. This phenomenon was more obvious for the single tube 
contactor, where more data at low ozone concentrations were collected. At the highest 
flow rate of 10 mL min−1, VIS436 increased by 42%. Colour is expected to decrease 
with increasing ozone dose, as colour-inducing moieties of NOM are further 
oxidised (55, 109). The unexpected behaviour of this groundwater may be due to the 
oxidation of iron/NOM complexes by small amounts of ozone (110, 111). Further 
investigation was beyond the scope of this study. 
Figure 4.5.7A shows the relative UV254 absorbance versus the relative VIS436 
absorbance of the ozonated water for all experiments. In general, NOM chromophores 
absorbing at longer wavelengths tend to be preferentially oxidised because they 
comprise highly conjugated electron-rich systems that are readily reactive with 
ozone (53, 54). In contrast, UV254 absorbance underwent a stronger relative decrease 




tube contactor achieved slightly higher VIS436 removals for similar UV254 removal 
compared to the hollow fibre module, which suggests that the two contactor types 
may favour the ozonation of different fractions of organic matter. 
 
Figure 4.5.7. A. Relative UV absorbance at 254 nm versus relative VIS absorbance 
at 436 nm, and B. Bromate concentration formed versus VIS absorbance at 436 nm, 
for all experiments with the single tube contactor and the hollow fibre module. 
The Hatta number (Ha) provides a comparison of the rate of ozone consumption and 
the rate of ozone mass transfer in the liquid film (see Section 4.4). The values 
calculated for the two membrane contactors (Appendix, Table 4.8.1) were in the 
intermediate regime (0.3<Ha<3), indicating that reactions occurred both in the liquid 
film and in the bulk. This means that ozone is not immediately consumed by reactions 
after it is transferred into the water (also confirmed by the presence of high ozone 
residuals in the outlet of each contactor), allowing thus the oxidation of compounds 
with slower reaction kinetics.  
Bromate molar yields (i.e. the bromate molar concentration over the initial bromide 
molar concentration) ranged from 0.1% to 61% for the single tube contactor and from 
3% to 78% for the hollow fibre module, consistent with previous studies (56). Due to 
lower dissolved ozone concentrations in the single tube contactor, the bromate 
concentrations formed were in many cases below the WHO limit for drinking water 
of 10 μg L−1. However, the bromate concentration increased strongly at water flow 
rates of 1.2 and 2.5 mL min−1 and feed gas ozone concentrations of 100 and 
200 mg L−1 (Figure 4.5.6). In the hollow fibre module, the bromate concentration 




with the bromate formation in batch ozonation experiments is ongoing work 
conducted at the Hamburg University of Technology by the collaborators in this study. 
Colour reduction and bromate formation during groundwater ozonation treatment can 
be considered trade-off parameters. Figure 4.5.7B shows the bromate concentration 
formed versus the VIS436 of the treated water. Two distinct areas can be identified in 
the data: a) increase or moderate decrease in colour with low bromate formation 
(around 10 μg L−1), and b) little further decrease in colour with significantly enhanced 
bromate formation. As mentioned previously, the increase in colour might be specific 
for the groundwater used. Therefore, area (a) would be preferred over area (b) due to 
the regulation of bromate levels. It has been reported that there is a threshold in UV254 
removal above which significant bromate formation occurs in ozonation of 
wastewater effluent and surface water (82, 85). In this study, considering the bromate 
limit of 10 μg L−1, the threshold for UV254 removal was found to be approximately 
50% for the single tube contactor and 45% for the hollow fibre module. The 
corresponding thresholds for colour removal were 46% for the single tube contactor 
and 33% for the hollow fibre module. The presence of these thresholds is attributed 
to the rapid consumption of ozone by fast-reacting organic moieties at low ozone 
doses, limiting its availability for reaction with bromide (85). In agreement with this, 
low ozone doses lead to higher Hatta numbers (Appendix, Section 4.8.3). Therefore, 
operational conditions associated with higher Hatta numbers are considered optimal 
for selective membrane ozonation that favours the reaction of NOM over bromide. 
The single tube contactor led to lower bromate concentrations than the hollow fibre 
module for the same decrease in colour, which is in line with the UV254 versus VIS436 
data. These observations can be attributed to the uneven ozone distribution in the 
bundle of hollow fibres, which entails higher ozone concentrations in the fibres 
located closer to the central axis of the module (see Appendix, Figure 4.8.3 for 
visualisation). This variation is in addition to the non-uniform ozone concentration 
inside each fibre (higher concentration closer to the membrane wall), a phenomenon 
also present in the single tube contactor (14). The Reynolds numbers in the single 
PDMS membrane (Re = 18 to 145) were higher than in the hollow fibres (Re = 13 to 
30), suggesting a reduced radial variation of ozone concentration in the single 




in conventional ozonation reactors as a result of complex, suboptimal hydraulics, and 
compromise the trade-off between bromate formation and disinfection or oxidation 
efficiency (112, 113). These findings have important implications for the applicability 
of membrane ozonation and the design of membrane ozone contactors (see next 
Section 4.5.7). 
 
4.5.7 Remarks on process feasibility 
Bubble-less ozonation using membrane contactors has not yet been implemented at a 
large scale for water or wastewater treatment. It is therefore necessary to reflect on 
the applicability of this technology based on existing laboratory experience. 
The selection of membrane material is crucial and will affect capital and operational 
costs due to replacement of membranes after use for certain time periods. In addition, 
gradual degradation of the membrane material may affect the quality of the treated 
water. This was observed in some experiments with PDMS membranes, where the 
TOC of the water increased after membrane ozonation (Appendix, Figure 4.8.4). This 
increase could be an indication of membrane degradation through oxidative attack of 
PDMS by OH radicals and ozone (28, 114). The stability of PDMS membranes is 
influenced by several factors, such as the feed gas ozone concentration, the water 
matrix and the presence of UV light (8, 114). A stability experiment with continuous 
operation over several days was not attempted in this study due to safety concerns 
using the existing ozonation setup. However, the potential leaching of different 
membrane materials during prolonged ozone exposure should be evaluated. There was 
no indication of membrane degradation in experiments with the PTFE hollow fibre 
module, in accordance with the known ozone stability of PTFE (23). 
An important attribute of conventional ozonation reactors is the ozone concentration 
profile. This holds true also for membrane contactors used for bubble-less ozonation. 
Our results suggest that the presence of high localised ozone concentrations in some 
fibres and/or within a single fibre (see Appendix, Figure 4.8.3) may have significant 
implications for the oxidation of organic compounds and the formation of bromate. In 
the hollow fibre module that we used, the variation of ozone concentration across 
different fibres was caused by the delivery of ozone gas through a central tube 




should therefore ensure good mixing of the gas in the shell side. This can be achieved 
with improved transverse-flow modules, for example containing multiple baffles, 
helically wound fibres, or an optimised fibre bundle layout (9, 26, 57).  
Moreover, a key property of membranes for bubble-less ozonation is their inner 
diameter. In addition to determining the specific surface area, the diameter affects the 
radial ozone distribution within the membrane. At a set water flow rate, a lower 
diameter leads to a higher Reynolds number and thus, to a more homogeneous ozone 
concentration profile. The downsides of small diameters are the possibility of 
clogging, especially if the feed water contains particles, and the higher pressure drop 
across the membrane contactor. At a set fibre diameter, mixing of the liquid phase 
inside the fibres can be enhanced by using higher water flow rates. However, this is 
accompanied by reduced water residence times in the contactor and, thus, lower 
transferred concentrations of ozone. Another approach to improve mixing inside the 
fibres while maintaining low flow rates is to use helical rather than linear fibres, where 
secondary flows (Dean vortices) can arise (39). 
The main operational parameters that require optimisation in membrane ozonation are 
the water flow rate, the feed gas ozone concentration and the pressure of the gas and 
liquid phases (especially in the case of porous membranes). These parameters affect 
the transferred ozone dose, which in turn determines the attainment of the desired 
treatment goals, as well as the trade-off with the formation of by-products. For 
example, conditions leading to high Hatta numbers (e.g. low feed gas ozone 
concentrations) are needed to enhance the selectivity of membrane ozonation towards 
NOM degradation rather than reaction with bromide leading to bromate formation. 
A further issue that needs to be considered is the transfer efficiency of ozone, namely 
the percentage of feed gas ozone that is transferred into the water. In conventional 
ozonation systems, the transfer efficiency depends on the design characteristics of the 
ozone contactor, the operational conditions (e.g. gas flow rate and ozone dose), and 
the properties of the water being treated (115). Design values for the transfer 
efficiency of bubble diffusers and side-stream injection systems are typically 
95% (116). In the lab-scale membrane ozonation experiments, the transfer efficiency 
of ozone was very low, around 10% for the hollow fibre module and even lower for 




water flow rate, which was dictated by the much larger shell volume compared to the 
lumen volume and by considerations about the water and gas residence times in the 
contactor. 
In lab experiments, a low transfer efficiency of ozone is often desirable, as it ensures 
an almost constant ozone concentration in the shell. In this way, the dissolved ozone 
concentration is not limited by gradual ozone depletion across the length of the 
contactor. However, a high concentration of ozone in the off-gas means that a large 
amount of the generated ozone is wasted. If the ozone transfer efficiency is not 
significantly increased compared to lab-scale values, large-scale membrane ozonation 
would only be economically viable with implementation of off-gas recycling. An 
alternative strategy suggested by recent research is to apply dead-end filtration, 
namely to operate the membrane contactor without a gas outflow (117).  
Finally, a techno-economic assessment of membrane ozonation is required. It is 
stipulated that while the introduction of membrane contactors would increase the 
capital cost of ozonation processes, this could be offset by a decrease of the 
operational cost (118). More information is required to assess whether membrane 
ozonation can compete commercially with the already established ozonation methods. 
 
4.6 Conclusions 
Although research on bubble-less ozonation using membrane contactors has been 
conducted for more than 20 years, there are still substantial knowledge gaps in this 
field. Proof of concept has been achieved for a few membrane materials and 
configurations but there is a lack of information on elimination of trace organic 
contaminants, by-product formation and large-scale applications. 
This study aimed to address those knowledge gaps by developing two experimental 
setups that can be used for a wide range of membrane ozonation investigations. A 
simple, model system consisting of a single membrane allowed us to gain a better 
understanding of the membrane ozonation process, focusing on the effect of 
operational parameters on ozone transfer and on the oxidation of a model pollutant 
and of dissolved organic matter in different aqueous matrices. In addition, we 




model and found that this system can be well described by theoretical predictions. 
Further work utilised a larger and more complex hollow fibre module consisting of 
multiple membranes which allowed us to assess the challenges posed by real 
applications at industrial scale, such as the uneven distribution of ozone inside the 
membrane contactor. We also used this module to conduct one of the first membrane 
ozonation studies on the abatement of trace organic contaminants at their inherent 
concentrations in wastewater effluent and identified next steps that need to be 
undertaken in this research area. Finally, we compared the performance of both 
systems in the treatment of bromide-containing groundwater, focusing on bromate 
formation and the associated implications for the design and operation of membrane 
ozonation. 
Overall, the aims and objectives pursued by this study were attained. However, future 
work is needed to further develop this technology and assess whether it is competitive 
with established ozonation processes based on bubble diffusers or gas injectors. 
Firstly, the membrane contactor design is crucial for process efficiency and water 
quality and should be optimised through a combination of experimental and 
computational investigations. For example, a CFD model should be developed, 
validated through comparison with experimental results, and used to study parameters 
that are difficult or costly to vary in the lab (e.g. diameter, length and position of 
fibres). Furthermore, a comprehensive comparison between membrane ozonation and 
conventional ozonation in terms of trace organic contaminant abatement, by-product 
formation, energy consumption and cost needs to be performed, initially at lab scale 
and subsequently at pilot or large scale. Based on the results, specific applications 
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4.8.1 Comparison with CFD simulations for the PDMS single tube contactor 
Computational fluid dynamics (CFD) simulations for the single tube contactor were 
conducted with COMSOL Multiphysics V5.3 by Prof John Chew and his group, using 
a similar methodology to the one described in (1). The main difference from that 
methodology was that the liquid phase was inside the tube and the gas phase was in 
the shell side of the reactor, as in the experimental setup. The geometry and 
operational parameters applied were the same as those used in the experiments. Figure 
4.8.1 demonstrates the CFD results for the dissolved ozone concentration in pure 
water along with the corresponding experimental results. 
CFD generally over-predicted the ozone concentration, but this translated into an 
average absolute deviation of less than 0.5 mg L−1, which is comparable to the 
experimental error. Possible reasons for this difference include inaccuracies in model 
parameters taken from the literature (e.g. ozone diffusivities and solubilities) and non-
ideal flow conditions in the experiments.  
 
Figure 4.8.1. Experimentally measured and modelled dissolved ozone concentration 
at the outlet of the PDMS single tube contactor vs. the liquid side velocity, with three 
different membrane sizes (ID: inner diameter, WT: wall thickness) at feed gas ozone 





4.8.2 Development of CFD simulations for the PTFE hollow fibre module 
CFD simulations for the hollow fibre module were conducted using ANSYS Fluent 
V19.1 with a similar approach to that previously applied for the single tube 
contactor (1). ANSYS solves the fundamental conservation equations of momentum 
and mass. The module was assumed to be isothermal, so the energy conservation 
equation was ignored. A steady-state condition was assumed. 
The dimensions of the modelled domains were based on the dimensions of the 
membrane module. The module is axisymmetric, so a 30° wedge was modelled to 
reduce computational cost (Figure 4.8.2). 40.5 fibres were placed in 9 rows 
(concentric arcs) in this wedge, corresponding to a total of 486 fibres in the entire 
module (versus 490 fibres in the experimental membrane module). 
Triangular mesh was applied to the top surface and was ‘swept’ down the axial length 
of each domain. Scaling was applied in the z-direction since the module length was 
much greater than the fibre diameter and thickness. A scaling factor of 10 was 
selected for the module length, ozone diffusivity in the z-direction, and the gas and 
liquid inlet velocities. The residual for successive iterations for all variables 
(convergence criteria) was set to 10−4. 
The membrane was modelled as a solid (non-porous) domain, so no bulk flow was 
calculated within the membrane domain. It was assumed that the fluids are ideal, 
flow is laminar, and the density and viscosity are constant within the liquid and gas 
phases. The effect of gravity was ignored. The concentration of ozone was included 
in the model as a ‘user-defined scalar’. Custom boundary conditions and 
concentration sources or sinks due to reactions were implemented with user-defined 
functions written in C. The water-gas interface was located at the membrane-water 
boundary (i.e. the membrane pores were assumed to be flooded with gas). At this 
interface, the ozone concentration in the water was related to the ozone concentration 
in the gas by the dimensionless Henry’s coefficient, H. Any concentration change at 
the gas-membrane boundary due to the solubility of ozone in the membrane material 







Figure 4.8.2. Modelled geometry of the hollow fibre module with the mesh shown. 
Figure 4.8.3 shows the distribution of ozone inside the lumen at three locations along 
the module. Since the model has not been validated, these results should be treated as 
qualitative. It can be seen that, at least under certain conditions, there is significant 
spatial variation of the dissolved ozone concentration within the module. This 
variation exists both inside each fibre where the ozone concentration is higher near 
the membrane wall and decreases towards the fibre centre, and across the different 
fibres where the ozone concentration is higher in those located close to the central 





Figure 4.8.3. Distribution of ozone inside the lumen at the liquid inlet (z=0), half 
way through the reactor length (z=0.5 L), and at the liquid outlet of the membrane 
module (z=L=46 cm) at water velocity of 0.001 m s−1 and inlet ozone gas 
concentration of 24 mg L−1. 
 
4.8.3 Ozone mass transfer in groundwater 
The first-order ozone decay rate constant (kO3) in groundwater was measured at 
different ozone doses by Jakob Kämmler in the Hamburg University of Technology. 
The kO3 in the membrane ozonation experiments was extrapolated from the measured 
values. The Hatta number was then calculated for each membrane contactor and for 
the different conditions used according to equation 4.4.10. At a set water flow rate, an 
increase in feed gas ozone concentration leads to an increase in the transferred ozone 
dose, which decreases the kO3 and therefore also decreases the Hatta number. 
Table 4.8.1. Hatta numbers for the membrane ozonation treatment of groundwater 
with two membrane contactors. The range of values shown for each water flow rate 
corresponds to the range of applied feed gas ozone concentrations. 
Membrane 
contactor 

















4.8.4 TOC increase in PDMS membrane ozonation 
 
Figure 4.8.4. TOC concentration of deionised water before and after PDMS 
membrane ozonation during a 5-hour experiment. Three reactors were operated in 
parallel with membranes of different size. Feed gas ozone concentration 165 mg L−1, 
total water flow rate 11 mL min−1. 
 
4.8.5 Spectrophotometric characterisation of wastewater effluent before and 
after membrane ozonation 
 
Figure 4.8.5. Extract from the UV scans of wastewater (WW) effluent before and 





Figure 4.8.6. Excitation-emission matrix (EEM) of wastewater effluent before and 
after membrane ozonation with three different ozone doses (see Table 4.5.2). The 
five marked regions are: I tyrosine-like aromatic protein, II tryptophan-like aromatic 
protein, III fulvic acid-like matter, IV soluble microbial by-product-like matter, V 
humic acid-like matter. Note, a different scale has been used for ozonated samples. 
 
Table 4.8.2. Wavelength boundaries used for integration and integrated fluorescence 









Regional integrated fluorescence 









I 225-250 250-330 39070 1440 3500 0 
II 225-250 330-380 120230 3400 610 420 
III 225-250 380-550 98780 9450 2100 1060 
IV 250-400 280-380 26670 1040 340 160 




4.8.6 Concentrations of TrOCs in wastewater effluent 
 
Table 4.8.3. Concentration of trace organic contaminants in wastewater effluent 
before and after membrane ozonation treatment with three ozone doses (see Table 













Methylparaben 16 21 15 39 
E2 8 8 6 31 
Methamphetamine 4 4 5 9 
Acetaminophen 81 30 41 1511 
Cotinine 114 53 23 365 
Anhydroecgonine methylester <MQL <MQL <MQL 40 
Carbamazepine (CBZ) <MQL <MQL <MQL 171 
Atenolol 3 3 3 225 
Citalopram <MQL <MQL <MQL 90 
Sulfamethoxazole 30 26 26 766 
10,11-Dihydro-10-hydroxy-CBZ 16 <MQL <MQL 995 
Dihydrocodeine <MQL <MQL <MQL 90 
Semi-quantitative data 
Ibuprofen 53 19 18 852 
Diclofenac 209 265 172 959 
Benzophenone-4 <MQL <MQL <MQL 8937 
Sulfasalazine <MQL <MQL <MQL 192 
Fexofenadine <MQL <MQL <MQL 603 
Metformin 11144 7632 4919 24955 
Benzoylecgonine 10 <MQL <MQL 613 
Ephedrine/pseudoephedrine 20 14 8 396 
Codeine 3 3 3 575 
Cocaine <MQL <MQL <MQL 114 
Nicotine 36 35 35 54 
1,7 Dimethylxanthine 139 49 46 6000 
Caffeine 45 20 51 3312 
O-desmethyltramadol <MQL <MQL <MQL 744 
Trimethoprim <MQL <MQL <MQL 1012 
Lisinopril 60 61 58 554 





4.8.7 Ozonation products of TrOCs 
A list of ozonation products of 44 TrOCs according to the literature is shown in Table 
4.8.4. Structures of the products are not shown, but have been suggested for most of 
them, albeit with varying levels of confidence. Some metabolites have been grouped 
together with their parent compound due to structural similarity (i.e. the same 
ozonation products may be expected from parent compound and metabolite). For 
other metabolites possible ozonation products were inferred from the information 
available for the parent compound (e.g. when metabolite and parent compound differ 
by one methyl group). The list is not exhaustive, as certain minor ozonation products 
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Chapter 5: Aqueous ozonation of furans: 
Kinetics and transformation mechanisms 
leading to the formation of α,β-unsaturated 
dicarbonyl compounds 
 
This chapter is presented in publication format and has been submitted for review to 
Water Research (Elsevier). 
 
Context: The following study began with my internship at Johns Hopkins University 
and continued as a collaboration between the two labs after my return to Bath. We 
chose to study the aqueous ozonation of furans, since a review of the relevant literature 
revealed that very little information on this topic is available, in contrast to other 
functional groups of organic contaminants, such as benzene rings. The formation of 
toxic α,β-unsaturated dicarbonyls had been previously reported for the metabolism of 
furans and for the aqueous oxidation of phenols. We therefore targeted this class of 
compounds as potential ozonation products with a recently developed analytical 
approach based on their reaction with amino acids. Kinetics and formation of other 
ozonation products were also elucidated for furans with different substituents.  
 
Contributions: The work presented was performed by the author of this thesis under 
the supervision of Dr Carsten Prasse (Johns Hopkins University) and Dr Jannis Wenk, 
with contributions from manuscript co-author Zhuoyue Zhang who performed 
supporting experiments, analysis and data interpretation. 
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Despite the widespread occurrence of furan moieties in synthetic and natural 
compounds, their fate in aqueous ozonation has not been investigated in detail. 
Reaction rate constants of seven commonly used furans with ozone were measured 
and ranged from kO3 = 8.5 × 10
4 to 3.2 × 106 M−1 s−1, depending on the type and 
position of furan ring substituents. Transformation product analysis of the reaction 
of furans with ozone focusing on the formation of toxic organic electrophiles using 
a novel amino acid reactivity assay revealed the formation of α,β-unsaturated 
dicarbonyl compounds, 2-butene-1,4-dial (BDA) and its substituted analogues 
(BDA-Rs). Their formation can be attributed to ozone attack at the reactive α-C 
position leading to furan ring opening. The molar yields of α,β-unsaturated 
dicarbonyl compounds varied with the applied ozone concentration reaching 
maximum values of 7% for 2-furoic acid. The identified α,β-unsaturated dicarbonyls 
are well-known toxicophores that are also formed by enzymatic oxidation of furans 
in the human body. In addition to providing data on kinetics, transformation product 
analysis and proposed reaction mechanisms for the ozonation of furans, this study 
raises concern about the presence of α,β-unsaturated dicarbonyl compounds in water 






Furans are heterocyclic aromatics comprising a five-membered ring of four carbons 
and one oxygen atom. The use of furan derivatives for the production of biomass-
derived fuels, polymers and other chemicals has dramatically increased over the last 
decades (1-4). Furfural, a commodity chemical and precursor of many other furans, 
has a global production capacity of 280 kTon per year, with 65% used to produce 
furfuryl alcohol (5). In addition to their industrial applications, furans are common 
moieties in a variety of naturally occurring compounds including terpenes and fatty 
acids, and can be formed abiotically from the oxidation of natural organic matter (6-
8). The extensive use of furan-containing chemicals and their natural occurrence 
make them likely contaminants in wastewater and drinking water resources as 
evidenced by the detection of furan-containing compounds, particularly 
pharmaceuticals, in wastewater effluent and surface water (9-11). 
Ozonation is increasingly used for the elimination of trace organic contaminants in 
wastewater treatment, wastewater reuse and drinking water production (12). Ozone 
is a selective oxidant that primarily reacts with electron-rich moieties such as double 
bonds (13, 14). Transformation products of the ozonation of organic compounds 
include carbonyls formed by cleavage of olefinic bonds or benzene rings, N-oxides 
and hydroxylamines by oxidation of amines, and sulfoxides by oxidation of 
thioethers (15, 16). The identification of ozone transformation products with 
(eco)toxicological implications is of importance (17). For example, the main 
ozonation product of carboxy-acyclovir inhibits the growth of green algae, an effect 
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assay was observed for the ozonation products of carbamazepine while no effects 
were observed for carbamazepine itself (19). 
Despite extensive research on the reaction of ozone with several classes of organic 
compounds including olefins, phenols and nitrogen-containing compounds (20), 
studies focussing on the transformation of furans during aqueous ozonation are 
limited. The dimethylfuran moiety present in the antacid drug ranitidine has been 
shown to contribute to the high reactivity of this compound with ozone (21). 
However, no transformation products that are specific for the reaction of ozone with 
the furan moiety were reported (22, 23). For the diuretic drug furosemide, two 
ozonation products were identified indicating the potential relevance of cleavage 
and/or opening of the furan ring by ozone (24). 
Studies investigating the reaction of furans with ozone in organic solvents or organic 
solvent/water mixtures suggest the potential involvement of different reaction 
mechanisms (25-28). Jibben et al. (26) identified glyoxal (a C2 dicarbonyl) as the sole 
ozone transformation product of furan and attributed its formation to the reaction of 
ozone with the two carbon-carbon double bonds (α-β bonds) of the furan ring, leading 
to a C2 dicarbonyl containing both β-C atoms, and/or to β,β-addition of ozone, 
leading to two C2 dicarbonyls that contain one α- and one β-C atom of the furan ring 
(see Table 5.4.1 for nomenclature). In contrast, Bailey et al. (25, 28) observed the 
formation of α,β-unsaturated dicarbonyl compounds containing all four carbons of 
the furan ring in experiments with diarylfurans such as 2,5-diphenylfuran. The results 
of Bailey et al. indicate the relevance of two distinct reaction pathways: (i) ozonolysis 
of a carbon-carbon double bond (α-β bond), and (ii) electrophilic ozone attack at the 
reactive α-C position in either a bidentate or monodentate manner, followed by ring 
cleavage to form a C4 dicarbonyl (29). These C4 dicarbonyls then form lower-
molecular weight transformation products through further reaction with ozone (29). 
Given the absence of kinetic and mechanistic information on the ozonation of furans 
in aqueous solutions, the aim of this study was to determine the ozonation kinetics of 
various commonly used furans and elucidate the formation of ozonation products in 
water. The specific focus was on the formation of α,β-unsaturated dicarbonyl 
transformation products which have been recently identified as novel, highly toxic 
by-products formed during the oxidation of phenols with various oxidants including 
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hydroxyl radicals and chlorine (30, 31). In addition, α,β-unsaturated dicarbonyls are 
also formed during the enzymatic oxidation of furans in the human body (catalyzed 
by cytochrome P450) and are responsible for their toxicity (32-34). The studied 
furans included two high usage pharmaceuticals (furosemide, ranitidine) that can be 
frequently found in the effluent of wastewater treatment plants (9), and seven high 
production volume industrial chemicals (furfuryl alcohol, 2-furoic acid, 2,5-
dimethylfuran, 2-methyl-3-furoic acid, 3-(2-furyl)propanoic acid, 3,4-
bis(hydroxymethyl)furan, furan-2,5-dicarboxylic acid) (2, 3). Transformation 
product formation was followed using liquid chromatography-high resolution mass 
spectrometry. In addition, an amino acid reactivity assay was used to specifically 
assess the formation of α,β-unsaturated dicarbonyls (30, 35). 
 
5.3 Materials and Methods 
5.3.1 Chemicals 
Furfuryl alcohol (FFA, CAS no.: 98-00-0), 3,4-bis(hydroxymethyl)furan (BHF, CAS 
no.: 14496-24-3), 2,5-dihydro-2,5-dimethoxyfuran (CAS no.: 332-77-4), 2,5-
dimethylfuran (DMF, CAS no.: 625-86-5) in liquid form and 2-furoic acid (FA, CAS 
no.: 98-00-0), 2-methyl-3-furoic acid (MFA, CAS no.: 98-00-0), 3-(2-
furyl)propanoic acid (FPA, CAS no.: 935-13-7), furan-2,5-dicarboxylic acid (FDCA, 
CAS no.: 3238-40-2), furosemide (FRS, CAS no.: 54-31-9), ranitidine (RAN, CAS 
no.: 66357-59-3) in powder form were purchased from Sigma-Aldrich or Fisher 
Scientific in high purity (≥97%). N-α-acetyl-lysine (NAL) was from Sigma Aldrich 
(>98% purity). N-α-acetyl-cysteine (NAC) was from Fisher Scientific (>98% purity). 
Solvents for analysis, salts for preparation of buffers and tert-butanol were from 
Fisher Scientific. All experimental and analytical solutions, including stock 
solutions, were prepared in ultrapure water (resistivity >18 MΩ cm−1) produced with 
a Milli-Q (Merck) or ELGA (Veolia) water purification system. 
 
5.3.2 Ozonation experiments 
Competition kinetics experiments were performed to determine the second order rate 
constants for the reaction of furans with ozone in pure water buffered at pH 7 (10 mM 
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phosphate buffer, 10 mM tert-butanol). RAN was used as the reference compound, 
due to its known reaction rate constant with ozone (21), and since initial tests had 
shown that most of the target furans had an ozone reactivity within approximately 
one order of magnitude of RAN. For compounds that reacted with ozone with much 
lower reaction rate constants than RAN, FA was used as the reference compound, 
after determining its rate constant using RAN. Further details on competition kinetics 
experiments and calculations are provided in the SI, Section 5.8.1. 
Batch ozonation experiments to study the formation of transformation products of 
furans were performed in 20-mL amber glass vials. The reaction solutions (10 mL) 
contained 15 μM of the target compound and 10 mM phosphate buffer (pH 7), diluted 
with ultrapure water. After sampling the initial solution, a volume of concentrated 
ozone stock solution (see SI, Section 5.8.1) was added to achieve concentrations of 
4 to 65 μM ozone (0.3 to 4.3 μM O3/μM target compound). The samples were left 
uncapped at room temperature for approximately 2 hours to achieve residual ozone 
depletion. To assess the influence of OH radical scavenging, a subset of experiments 
(Figures 5.8.2 and 5.8.3 in the SI) was also performed with addition of 10 mM tert-
butanol (kOH, tert-butanol = 6 × 10
8 M−1 s−1) (36). 
Detection of α,β-unsaturated dicarbonyl compounds was accomplished using an 
amino acid reactivity assay (30, 31, 35). The reaction of NAL with α,β-unsaturated 
dicarbonyls leads to the formation of NAL adducts which can be detected using liquid 
chromatography-mass spectrometry (see Section 5.3.3) (30). To this end, a small 
volume of a NAL stock solution was added to the samples (final concentration 
150 μM, equivalent to 10 times the initial concentration of the parent compound) 
followed by incubation at room temperature for 24 hours. Selected experiments were 
repeated with higher concentration of the target compound (up to 100 μΜ) to 
facilitate the identification of α,β-unsaturated dicarbonyl transformation products. 
Additionally, for selected samples an equimolar mixture of NAL and NAC stock 
solutions was used instead of the NAL stock solution, to enable the detection of 
dicarbonyls that do not form adducts with NAL alone but do form NAC or 





5.3.3 Analytical approaches 
Spectrophotometric measurements were conducted in 1 cm quartz glass cuvettes 
(Hellma) using a Cary 100 UV-VIS spectrophotometer (Agilent Technologies), or in 
glass tubes using a DR/2000 Spectrophotometer (Hach). 
Analysis of furans was performed using high-performance liquid chromatography 
with UV detection (HPLC-UV). An overview of isocratic elution conditions, 
retention times and detection wavelengths is provided in Table 5.8.1 of the SI. For 
batch ozonation a Vanquish HPLC system with a DAD detector (Thermo Scientific) 
and an Acclaim RSLC 120 C18 column (5 μm, 120 Å, 4.6 × 100 mm) was used. For 
competition kinetics a Dionex UltiMate 3000 system with a DAD detector (Thermo 
Scientific) and an Acclaim RSLC 120 C18 column (3 μm, 120 Å, 3 × 75 mm) was 
used.  
The formation of ozonation products and NAL, NAC or NAL+NAC adducts was 
determined via liquid chromatography-high resolution mass spectrometry (LC-
HRMS) using an UltiMate 3000 UHPLC system coupled to a Q Exactive HF Orbitrap 
MS (both Thermo Scientific). For chromatographic separation, a Phenomenex 
Synergi Hydro-RP column (4 μm, 80 Å, 1 × 150 mm) was used. External mass 
calibration was performed every 5 days using a calibration mixture similar to 
procedures described previously (37). More information on LC-HRMS analysis is 
provided in the SI, Section 5.8.2. 
2-butene-1,4-dial (BDA), the α,β-unsaturated dicarbonyl identified in this work, was 
quantified with standard addition calibration curves, similar to a method described 
previously (30). Stock solutions of BDA (1 mM) were prepared through hydrolysis 
of 2,5-dihydro-2,5-dimethoxyfuran in ultrapure water at room temperature for at least 
24 hours. For each experiment, standard addition was applied on one of the samples 
and the slope of the curve was used for the other samples of that experiment. The 
limit of detection of BDA in ultrapure water buffered at pH 7 was 1 nM and the limit 
of quantification was 10 nΜ. Ozonation yields of BDA were calculated by dividing 
the molar concentration of BDA with the molar concentration of the parent 
compound that reacted (difference between initial and final concentrations). Yields 
of other BDA analogues (BDA-Rs) without a standard available were estimated 
using BDA as reference standard. 
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5.4 Results and discussion 
5.4.1 Kinetics of the reaction of substituted furans with ozone 
Table 5.4.1 shows the second order rate constants for the reaction of nine furans with 
ozone (kO3) in water at pH 7, including two values that were available in the literature. 
The competition kinetics plots for seven of the furans are provided in SI, Figure 5.8.1. 
Initial tests indicated that the studied furans have a high ozone reactivity, which was 
expected based on the aromaticity of the furan ring. Competition kinetics 
experiments showed that the kO3 of FPA, MFA, FRS, FFA and BHF varies only by 
a factor of 2 [(1.7±0.2 to 3.2±0.2) × 106 M−1 s−1], while reaction rates for FA and 
FDCA were lower [(5.9±0.5) × 105 and (8.5±0.7) × 104 M−1 s−1, respectively]. The 
ozone reactivity of most tested furans is comparable to that of phenols and anilines 
at pH 7 (38). 
The results indicate that both the type of substituents (e.g. electron-withdrawing 
versus electron-donating) and their position (e.g. located at an α-carbon versus at a 
β-carbon) impact the reaction kinetics. Electron-donating substituents such as 
hydroxyl and methyl groups increase the electron density of the furan ring and are 
therefore expected to enhance its ozone reactivity, while electron-withdrawing 
groups such as carboxyl groups have the opposite impact, similar to effects observed 
for phenols (38). The three acids FPA, MFA and FA have pKa values ranging from 
3 to 4.4 (39), hence they are all dissociated at pH 7. The carboxylate group exerts a 
weaker electro-withdrawing effect compared to the carboxyl (40), as is also 
evidenced by the similar ozone reactivity of FA and FFA, which has an electron-
donating hydroxymethyl substituent. MFA had a higher rate constant than FA, due 
to the presence of an additional alkyl group and/or the presence of a carboxylate 
substituent at a β- rather than an α-carbon. In FPA the carboxylate group is separated 
from the furan ring by two additional carbons (C2H4 group) compared to FA, leading 
to a 5-fold increase of the rate constant. Comparison of the kinetics of FDCA and FA 
indicates that the presence of an additional carboxylate group (2,5-substitution of 
FDCA versus 2-substitution of FA) lowers the ozone reactivity by approximately one 
order of magnitude. The relatively low rate constant of DMF with ozone that has 
been reported in the literature (Table 5.4.1) further indicates slower reaction kinetics 
for furans containing substituents at both α-carbons (2,5-substitution). In contrast, 
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BHF (3,4-substitution) had the same rate constant as FFA (2-substitution), indicating 
that substituents located at β-carbons have a lower impact on the reaction rates. 
Further experiments with a more diverse group of furan compounds are necessary to 
develop Quantitative Structure-Activity Relationships (QSARs) for substituted 
furans in oxidative water treatment processes similar to those that have been 
developed for other compound classes such as phenols and amines (38, 41). 
Table 5.4.1. Second order rate constants for the reactions of furans with ozone in 
buffered water at pH 7. The ± error of each rate constant was calculated through error 
propagation from the 95% confidence interval of the slope of the linear fit and the 
error of the rate constant of the reference compound. 
Compound Structure 








2.1 × 106 (21) 
2,5-Dimethylfuran (DMF) 
 








(2.7 ± 0.1) × 106 this study 
Furosemide (FRS) 
 
(2.2 ± 0.1) × 106 this study 
Furfuryl alcohol (FFA) 
 




(1.7 ± 0.1) × 106 this study 
2-Furoic acid (FA) 
 




(8.5 ± 0.7) × 104 this study 
RAN contains multiple sites contributing to its high ozone reactivity: the furan ring, 
a tertiary amine, a thioether and an acetamidine, which is the most reactive 
moiety (21). Similarly, the high rate constant of FRS can be attributed to both a furan 
ring and an aniline moiety. Based on QSAR calculations, the kO3 of FRS has been 
reported as 6.8 × 104 M−1 s−1 which was the sum of the contributions of the secondary 
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amine (pKa = 3.8, kO3 = 6.2 × 10
4 M−1 s−1) and the benzene ring (partly deactivated, 
kO3 = 6.5 × 10
3 M−1 s−1) (42). This predicted kO3 of FRS is similar to the 
experimentally determined reactivity of compounds with a p-sulfonylaniline moiety 
(43). The QSAR model, however, did not consider the reactivity of the furan ring, 
which explains why the kO3 determined experimentally for FRS in this study (kO3 = 
2.2 × 106 M−1 s−1) is significantly higher than the value predicted by QSAR (42). 
 
5.4.2 Transformation of furans by ozone in water 
In addition to determining the ozonation kinetics of furans, the formation of 
transformation products was investigated. Of particular interest was the formation of 
α,β-unsaturated dicarbonyl compounds due to their potential toxicity and their recent 
identification in oxidative water treatment processes (30, 31). Ozonation products 
were detected either directly with LC-HRMS, or after derivatization with either NAL 
or a mixture of NAL and NAC (so called reactivity-directed analysis (RDA) 
assays) (35). OH radicals were not scavenged in these experiments in order to 
represent real ozonation conditions where both ozone and OH radicals are present. 
Transformation of furan-containing pharmaceuticals. For FRS, seven ozonation 
products were detected (SI, Table 5.8.3 and Figure 5.8.11). The LC-HRMS results 
indicate that the benzene ring including the chlorine, sulfonamide and carboxyl 
moieties remained unmodified in all ozonation products. As such, oxidation of FRS 
can be exclusively attributed to the reaction of ozone with the furfurylamine group, 
with FRS-278 being the only detected compound that has been previously reported 
for the reaction with ozone (24). Based on the obtained results, the reaction of ozone 
with the α-carbon of the furan moiety is indicated to result in the opening of the furan 
ring (see Section 5.4.3 for more details), leading to the formation of an α,β-
unsaturated dicarbonyl transformation product (FRS-347) which has been observed 
previously in oxidation of FRS in microsomes (44). Formation of FRS-328, which 
has been identified in the oxidation of FRS by dimethyldioxirane, can most likely be 
attributed to the intramolecular reaction between the ketoenal group and the amine 
moiety of FRS-347 (45). FRS-328 is also formed as a product of anodic and electro-
Fenton oxidation of FRS (46, 47), and has been identified as a human metabolite of 
FRS with evidence that it is a physio-pathologically relevant neurodegeneration 
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inducer (48). LC-HRMS results obtained for FRS-265 indicate the presence of an 
additional methyl group compared to saluamine, an FRS hydrolysis product (47, 49). 
The formation of FRS-265 can be explained by cleavage of the substituent on the α-
carbon after furan ring opening. The formation of the other transformation products 
can be explained by transformation of the furan and secondary amine moieties, 
leading to the formation of carbonyls (FRS-308, FRS-363) and hydroxylamines 
(FRS-266, FRS-308, FRS-363). 
The chemical structures of the observed ozonation products suggest the relevance of 
two reaction pathways involving the opening of the furan ring (Figure 5.4.1). The 
NAL assay was used to assess whether α,β-unsaturated dicarbonyls (other than FRS-
347) are formed from the transformation of FRS. BDA was detected as a BDA-NAL 
adduct, indicating the relevance of α,β-unsaturated dicarbonyl formation from the 
ozone oxidation of furan rings, even though yields were low (<0.1%). BDA and its 
substituted analogues have been identified as rat liver microsomal metabolites of 
furan and furan containing compounds (33, 34). The ozone dose-dependent 
formation of BDA and other FRS ozonation products is shown in SI, Figure 5.8.12.  
 
Figure 5.4.1. Proposed pathways of the ozonation of the furan ring of furosemide 
(FRS).  
For RAN, twelve ozonation products were detected with two of them being formed 
by reaction of ozone with the furan ring (SI, Figures 5.8.13, 5.8.14, 5.8.15 and Table 
5.8.4). Similar to results obtained by Christophoridis et al. (22), the LC-HRMS data 
indicate potential oxidation at different positions of the molecule. However, in 
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contrast to Christophoridis et al. who observed only one ozonation product 
containing an additional oxygen atom (C13H22N4O4S) and identified it as RAN-S 
oxide (22), two distinct peaks were detected in the present study. Based on the MS2 
fragment information of both peaks (Figure 5.8.14a and 5.8.14b), the first peak 
(retention time: 3.7 min) can most likely be attributed to RAN-S oxide and the second 
peak (retention time: 8.9 min) to RAN-N oxide. The formation of both N- and S-
oxides is further supported by the detection of RAN-S&N oxide (C13H22N4O5S), 
which is also indicated by the MS2 results for this compound (Figure 5.8.14c). The 
formation of other products also reveals the oxidation of the tertiary amine group 
(Figure 5.8.14e and 5.8.14h). Transformation products formed during the 
electrochemical oxidation of RAN have been shown to be more toxic than the parent 
compound (50), emphasizing the need to elucidate the properties of and the risk 
posed by the ozonation products of RAN. 
Although all the RAN sub-structures react with ozone with high rates (21), the 
obtained results primarily demonstrated the formation of ozonation products in which 
the furan ring remains unmodified. The detection of RAN-252 and RAN-236 also 
indicated the oxidation of the furan moiety, leading to cleavage of parts of the 
molecule (Figure 5.8.14i and 5.8.14j). However, it is possible that more ozonation 
products resulting from oxidation of the furan ring were formed but could not be 
detected by LC-HRMS analysis. No α,β-unsaturated dicarbonyl products were 
detected directly or after derivatization by NAL or a NAL+NAC mixture, therefore 
dicarbonyls are either not formed from RAN or are degraded further. 
Ozonation products of substituted furans. Based on the results of the furan-
containing pharmaceuticals, the formation of α,β-unsaturated dicarbonyls (BDA and 
BDA-Rs) from simpler substituted furans was investigated to determine how 
different substituents impact the formation of these toxic by-products. The results for 
seven tested compounds are summarised in Table 5.4.2 and details are provided in 
the SI (Table 5.8.2 and Figures 5.8.4-5.8.10). Concentrations of BDA were 
determined using a reference standard. Due to the absence of reference standards, the 
yields of BDA-Rs were determined by comparing their peak areas with those 
obtained for BDA. 
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Table 5.4.2. Maximum yield of α,β-unsaturated dicarbonyls in the aqueous 






yield (%) R2 R3 R4 R5 
DMF -CH3 -H -H -CH3 BDA(R2)(R5) 
Not 
quantified 
FPA -C2H4COOH -H -H -H 
BDA <0.1 
BDA-R2 2.7 
MFA -CH3 -COOH -H -H BDA(R2)(R3) 5.6 
FFA -CH2OH -H -H -H 
BDA 2.4 
BDA-R2 0.5 
BHF -H -CH2OH -CH2OH -H BDA(R3)(R4) <0.1 
FA -COOH -H -H -H BDA 6.7 
FDCA -COOH -H -H -COOH - - 
The yields of BDA and BDA analogues were strongly dependent on the substituents 
present in different furans. Ozonation of FFA led to the formation of BDA at a 
maximum molar yield of 2.4 % (Figure 5.4.2). This is comparable to the BDA yields 
formed from UV/H2O2 oxidation of phenol in water (30). Traces of BDA were also 
detected in the reaction solutions before the addition of ozone. This indicates the 
potential formation of BDA via hydrolysis of FFA, which aligns with previous 
reports on the acid-catalyzed hydrolysis of furans (51). Besides BDA, a second C4-
dicarbonyl compound containing an additional hydroxymethyl group (NAL adduct 
C13H21O5N2, m/z 285.1444) was identified in experiments with FFA (BDA-R in 
Figure 5.4.2). The maximum relative yield of this compound was approximately 
0.5%. The MS2 spectrum of this adduct (SI, Figure 5.8.5) contained characteristic 
masses (m/z 84.0813 and 126.0914) previously observed for NAL adducts of other 
dicarbonyls (30). Ozonation of BHF did not lead to BDA formation, despite the 
structural similarity of BHF and FFA. However, the formation of a NAL adduct with 
m/z 315.1548 was detected in trace amounts, which can be attributed to the formation 




Figure 5.4.2. A. Chemical structures of furfuryl alcohol (FFA) and its dicarbonyl 
ozonation products based on the formation of NAL adducts. B. Concentration of FFA 
and 2-butene-1,4-dial (BDA) versus the ozone concentration. C. Molar yield of BDA 
and hydroxymethyl-BDA (BDA-R) determined by standard addition using a BDA 
reference standard. Conditions: FFA initial concentration 15 μM, in 10 mM 
phosphate buffer at pH 7. 
BDA was also identified as an ozonation product of FA, at higher molar yields of 
approximately 7%. No other NAL adducts were detected in FA experiments. For 
MFA, a BDA analogue with a carboxyl and a methyl group attached was detected 
(Figures 5.4.3 and 5.8.8), while the ozonation of FPA led to formation of both BDA 
and a dicarbonyl with a propanoic acid group attached (Figures 5.4.3 and 5.8.7). The 
BDA molar yield was less than 0.1% in the case of FPA, while the propanoic acid-
substituted BDA analogue appeared to be a more important ozonation product with 
a maximum yield of 2.7%. No NAL or NAC adducts were detected in ozonation of 
FDCA, in agreement with the results observed for RAN, indicating that the presence 
of two carboxyl substituents impacts both the reaction kinetics and the ozonation 
pathway. 
The absence of a dimethylated BDA analogue in experiments with DMF can most 
likely be explained by the inability of this compound to react with NAL in the same 
way as the other dicarbonyl compounds detected, due to the presence of methyl 
substituents at both α-carbons. To verify this, additional experiments in the presence 
of both NAL and NAC were performed and revealed the formation of both NAC and 
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NAL+NAC adducts (SI, Figures 5.8.9 and 5.8.10). In contrast to NAL which 
primarily reacts with α,β-unsaturated dicarbonyl compounds via Schiff base 
formation (i.e. reaction at the carbonyl carbon), reactions of thiols can be attributed 
to Michael addition (i.e. reaction at the double bond adjacent to the carbonyl 
group) (52). The formed thiol adducts can then react in a second step with NAL 
yielding pyrrole products (SI, Figure 5.8.16). 
Figure 5.4.3. Molar yields of three α,β-unsaturated dicarbonyls formed in 
experiments with furan-containing acids at different ozone concentrations. 
Conditions: furan acid initial concentration 15 μM, in 10 mM phosphate buffer at pH 
7. Yields were determined by standard addition using a 2-butene-1,4-dial (BDA) 
reference standard for all three compounds. For MFA, the ionization fragment m/z 
269 was used for calculation of yields due to higher intensity. 
The obtained results demonstrate the relevance of toxic α,β-unsaturated dicarbonyl 
compounds as ozonation products of furans. The yields are generally low (<7%), thus 
indicating the simultaneous formation of other ozonation products. In addition, the 
results show that BDA and BDA analogues can be transformed further by ozone (SI, 
Figure 5.8.3). In the gas phase, BDA reacts with ozone with a rate constant of 1.6 × 
10−18 cm3 molecule−1 s−1 (53). Based on gas-phase ozonation studies of BDA and 
other related compounds, the products formed from the further oxidation of BDA 
include formaldehyde, glyoxal and methylglyoxal (53, 54). These were not analysed 





5.4.3 Mechanism for the reaction of furans with ozone leading to α,β-
unsaturated dicarbonyls 
Even though no information is available about the transformation of furans by ozone 
in water, previous studies performed in organic solvents have suggested the potential 
contribution of different reaction mechanisms leading to opening of the furan 
ring (25, 26, 28). Our detection of C4 dicarbonyls (BDA analogues) confirms the 
importance of electrophilic ozone attack at the reactive α-C positions of the furan 
ring, via reaction of ozone with either one or both α-carbons (Figure 5.4.4) (29). The 
yields of BDA and substituted BDA analogues, however, suggest ozonolysis of 
furans via reaction with the α-β double bonds as dominant reaction pathway and/or 
further reactions of the C4 dicarbonyls with ozone.  
 
Figure 5.4.4. Postulated mechanism for the reaction of furans with ozone leading to 
formation of 2-butene-1,4-dial (BDA) and its analogues (BDA-R). 
Similar to reaction kinetics, the obtained results further indicate that the yield and 
type of the formed α-β-unsaturated dicarbonyls strongly depend on the substituents 
of the parent compound and their position on the furan ring. Two of the tested 
compounds, MFA and BHF, have substituents on the β-carbon of the furan ring 
(labelled as R3 and R4 in Tables 5.4.1 and 5.4.2). Both the carboxyl group of MFA 
and the hydroxymethyl groups of BHF were retained on the formed dicarbonyl 
compounds after ring opening (Table 5.4.2). The results of furans containing 
substituents on the α-carbon (labelled as R2 and R5 in Tables 5.4.1 and 5.4.2) are less 
consistent. For the ozonation of 2,5-diarylfurans in organic solvents, dicarbonyls 
containing aryl substituents on both carbonyl carbons have been reported (27, 28). 
As demonstrated in this study, a similar mechanism is also relevant under aqueous 
conditions for MFA, FPA and DMF, all of which formed dicarbonyls with their α-C 
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substituents still attached (Table 5.4.2). This indicates that the reaction of ozone with 
furans containing alkyl substituents on the α-carbon also results in the formation of 
BDA analogues with the substituents retained. In contrast, results obtained for furans 
containing either hydroxymethyl or carboxylic acid substituents at one of the α-
carbons, indicate the relevance of reactions leading to the cleavage of the substituent 
and the formation of BDA. This is particularly true for FA for which only the 
formation of BDA but not BDA-R was observed. The differences in yield of BDA 
versus BDA-R for FA, FFA and FPA reveal the significant influence of these α-C 
substituents on the mechanism of BDA formation. However, based on current 
evidence, it is unclear whether the substituent on the α-carbon is removed before, 
after or simultaneously with the opening of the furan ring. 
Differences in the degradation of FFA and BDA in experiments performed in the 
presence and absence of tert-butanol as a OH radical scavenger (SI, Figure 5.8.3) 
were minor. However, the presence of tert-butanol appeared to have some effect on 
the formed concentration of BDA and BDA-R (SI, Figure 5.8.2). The increased 
formation in the absence of tert-butanol indicates that BDA analogues can be formed 
both from reactions with ozone and with OH radicals. 
 
5.5 Conclusions 
The selected organic compounds containing furan rings have a high ozone reactivity 
and are therefore expected to be efficiently eliminated in water and wastewater 
ozonation treatment. Further research is required to elucidate the effect of 
deactivating substituents, such as halogens, on the ozonation rate constant of furans. 
In complex water matrices containing various furan-bearing compounds, ozonation 
is likely to result in the formation of a mixture of α,β-unsaturated dicarbonyls. 
Depending on the applied ozone dose, the dicarbonyls may decompose into smaller 
aldehydes and carboxylic acids. Future studies will focus on the detection of these 
further transformation products in real water treatment systems. In addition, it needs 
to be assessed whether α,β-unsaturated dicarbonyls can be removed during post-
treatment steps, for example activated carbon and biofiltration.  
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The formation of α,β-unsaturated dicarbonyls such as BDA and its analogues, though 
only representing a small portion of transformation products from ozonation of 
furans, is a possible health concern due to their reported toxicity. Furans play an 
increasing role as ‘green chemicals’ and are also formed by natural processes in the 
aquatic environment. The obtained results highlight the necessity to investigate the 
fate of these compounds in water treatment systems to assess the potential exposures 
to toxic by-products. 
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5.8 Supplementary information 
5.8.1 Ozonation experiments 
The competition kinetics experiments were performed in 20-mL amber glass vials. 
The reaction solutions (10 or 15 mL) contained 7 μM of the target compound (TC), 
7 μM of the reference compound (RC, RAN or FA), 10 mM phosphate buffer (pH 7) 
and 10 mM tert-butanol in ultrapure water. Ozone stock solution was added to 
achieve concentrations of 1 to 13 μM ozone (0.1 to 0.9 μM O3/μM target plus 
reference compound). Samples were magnetically stirred during the addition of the 
ozone stock solution and then left overnight at room temperature until complete 
ozone depletion. Residual concentrations of the target and reference compounds were 
measured within 24 hours. The second order rate constant for the reaction of the 
target compound with ozone (kO3,TC) was calculated from the plot of the natural 
logarithm of the relative concentration of target compound versus the natural 
logarithm of the relative concentration of reference compound (see Figure 5.8.1), 










)          (5.8.1) 
The ± error of each rate constant was calculated through error propagation from the 
95% confidence interval of the slope of the linear fit and the estimated error of 
kO3, RAN (± 0.1 × 10
6 M−1 s−1) (2), or the calculated error of kO3, FA. 
To prepare the concentrated ozone stock solution for either batch ozonation 
experiments or competition kinetics, two different systems were used. One was a 
500-mL glass reactor that was equipped with a gas diffuser and a water jacket, with 
the temperature of the recirculating water in the jacket set to 2°C. The other was a 1-
L glass bottle placed in an ice bath. Both systems were fed with oxygen containing 
50 to 100 mg L−1 ozone, produced with either a BMT 803N ozone generator 
(Messtechnik GmbH) or an IOCS integrated ozone system (Pacific Ozone). The 
dissolved ozone concentration of the ozone stock solution (20 to 30 mg L−1) was 
measured spectrophotometrically both before and after its addition into the reaction 
solutions, either directly at 258 nm (molar absorptivity of ozone ε=2900 M−1 cm−1) 




Figure 5.8.1. Plot of the natural logarithm of the relative concentration of the 
reference compound (RAN or FA) versus the natural logarithm of the relative 
concentration of the target compound (FFA, FA, FRS, FPA, MFA, BHF, FDCA). 
Linear fit equations are shown including the standard error of the slope. 
 
5.8.2 Liquid chromatography-high resolution mass spectrometry 
For chromatographic separation the gradient program was at 75 μL min−1 with 
ultrapure water containing 0.1 % formic acid (A) and methanol (B). The percentage 
of A was: 0-3 min, 100%; 3-12 min, linear decrease from 100% to 5%; 12-14 min, 
5%; 14.1 min, 100%, total run time 20 min. The injection volume was 10 μL. 
The Electrospray ionization (ESI) source parameters were set as follows. Sheath gas 
flow rate: 20 arbitrary units (AU); aux gas flow rate: 10 AU; spray voltage: 3.8 kV 
for positive mode and 2.5 kV for negative mode; capillary temperature: 250°C; S-
lens RF level: 60; aux gas heater temperature: 100°C. Data-dependent acquisition 
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was used to conduct MS2 experiments. Full scan (50-700 m/z, resolution > 120000) 
was performed followed by data-dependent MS2 for the 5 most intense ions with 
resolution > 60000. Collision induced dissociation (CID) with stepped normalized 
collision energy of 10%, 30% and 50% was used for fragmentation with an isolation 
window of 1.0 m/z. 
Table 5.8.1. HPLC-UV parameters for the detection of furans in competition kinetics 
experiments. Flow rate 0.5 mL min−1, A: ultrapure water with 0.1 % v/v formic or 








Furfuryl alcohol (FFA) 90/10 2.9 216 
2-Furoic acid (FA) 90/10 3.3 252 
2-Methyl-3-furoic acid (MFA) 70/30 2.6 245 
3-(2-Furyl)propanoic acid (FPA) 70/30 2.9 220 
Furosemide (FRS) 60/40 3.0 228 
Ranitidine (RAN) 90/10 2.2 320 
Nitrofurantoin (NFT) 70/30 2.1 366 
Furan-2,5-dicarboxylic acid 
(FDCA) 
90/10 2.5 265 
3,4-Bis(hydroxymethyl)furan 
(BHF) 
90/10 1.8 215 
 


















NAL 255.1338 -0.39 C12H19O4N2 C4H4O2 
FFA NAL 285.1444 -0.35 C13H21O5N2 C5H6O3 
FPA NAL 327.1549 -0.61 C15H23O6N2 C7H8O4 
MFA NAL 313.1391 -0.96 C14H21O6N2 C6H6O4 
BHF NAL 315.1548 -0.95 C14H23O6N2 C6H8O4 
DMF NAC 276.0899 -0.36 C11H18O5NS C6H8O2 





Figure 5.8.2. Effect of tert-butanol addition on the formation of A) BDA and 
B) BDA-R (hydroxymethyl-BDA) during the ozonation of FFA. FFA initial 
concentration 15 μM, tert-butanol concentration 10 mM, in 10 mM phosphate buffer 
at pH 7. 
 
 
Figure 5.8.3. Degradation of A) FFA and B) BDA at different ozone concentrations, 






















































































































































































































































































































































































































































































































































































































































































































































































































Table 5.8.3. Furosemide ozonation products detected with LC-HRMS, including 
MS2 fragmentation information. Suggested structures are supported by comparison 















































































































Figure 5.8.11. MS2 spectra including fragment structures for the newly detected 
products a) FRS-308, b) FRS-363 and c) FRS-347 identified in ozonation 





Figure 5.8.12. Peak area of furosemide (FRS) ozonation products and FRS 
degradation at different ozone concentrations. BDA is shown as the BDA-NAL 
adduct. For FRS-265 the peak area of the ionisation fragment m/z 250 is shown. Data 
points are the average of duplicate experiments (error bars have been omitted). 





Table 5.8.4. Ranitidine ozonation products detected with LC-HRMS, including MS2 
fragmentation information. Suggested structures are supported by comparison with 

















































































































































































































































































































































































































Figure 5.8.13. Proposed reaction pathways for the ozonation of ranitidine. 
Transformation products are labelled as follows: blue ones are newly detected, black 
ones are previously reported (6), while pink ones are those having the same molecular 
ion m/z as previously reported (6), but different suggested structures based on MS2 




















Figure 5.8.14. (a-j) Base peak chromatograms and MS2 spectra including fragment 
structures for ranitidine and its transformation products identified in ozonation 





Figure 5.8.15. Peak area of ranitidine (RAN) ozonation products and RAN 
degradation at different ozone concentrations. Data points are the average of 





Figure 5.8.16. Reaction of dimethyl-BDA with NAL versus a NAL+NAC mixture, 
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5.9 Additional commentary 
Nitrofurantoin (NFT) is an antimicrobial agent that is relevant for the spread of 
antimicrobial resistance through wastewater (1), in addition to exhibiting high 
toxicity for different organisms (2). NFT was also included in the study, although it 
was excluded from the manuscript due to insufficient results. NFT contains a 
hydantoin ring and a nitro-substituted furan ring, with an imine (carbon-nitrogen 
double bond) between them. The mutagenicity of nitrofurantoin has been shown to 
decrease with aqueous ozonation (3). However, the kinetics and reaction pathway of 
nitrofurantoin ozonation have not yet been elucidated. 
The second order rate constant for the reaction of NFT with ozone could not be 
measured using RAN as the reference compound, indicating that NFT has a much 
lower ozone reactivity. Competition kinetics using the slower-reacting FA as 
reference were also unsuccessful. This suggests that the deactivation of the furan ring 
caused by the electron-withdrawing nitro group led to an estimated ozone rate 
constant equal to or lower than 104 M−1 s−1. It would be possible to measure the rate 
constant using an appropriate non-furanic compound as reference, but this was not 
attempted in this study. 
The hydrolysis of NFT induced by direct photolysis produces nitrofuraldehyde and 
aminohydantoin through cleavage of the imine bond (4). The formation of nitrofuroic 
acid was observed during ozonation of NFT, although there was no clear trend with 
increasing ozone concentration. Other ozonation products were not identified. No 
NAL adducts demonstrating the formation of α,β-unsaturated dicarbonyls from NFT 
ozonation were detected, in accordance with results from FA, RAN and DMF. Future 
work employing different derivatization methods and direct LC-HRMS analysis is 
therefore needed to elucidate the ozonation pathway of NFT. 
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Chapter 6: General conclusions and future 
work 
 
This chapter draws conclusions from all the research conducted as part of this PhD 
and presented in this thesis. It also provides recommendations for future work. 
 
6.1 Conclusions 
Since ozonation is a widely applied process with numerous large-scale plants around 
the world, extensive research exists on its different aspects, including mass transfer, 
process optimisation, reactor design, different applications, reaction mechanisms, and 
kinetics. However, as the capacity of installed ozone treatment is increasing, and 
interest in advanced treatment in general is growing, important questions remain 
unanswered or poorly understood. 
The ozone reactivity of trace organic contaminants is often viewed as a well 
investigated topic, since several compilations of kinetic parameters exist in the 
literature, along with predictive models (1). However, there is still scarce information 
on certain classes of environmentally relevant compounds, for example illicit drugs 
and their metabolites. Even ubiquitously occurring ozone-reactive functional groups 
such as the furan ring have not been comprehensively studied. We addressed this 
knowledge gap with three different approaches: a) conducting an extensive literature 
review for 90 compounds (including several illicit drugs and metabolites) that were 
selected for their relevance for water and wastewater treatment, b) performing multi-
compound ozonation experiments with varying ozone concentration, pH and water 
matrix to simultaneously assess the ozone reactivity of the 90 compounds, and 
c) measuring the ozonation rate constant of contaminants and model compounds 
containing a furan ring. Reactivity studies should continue being performed to cover 
even a small fraction of the hundreds of trace organic contaminants that are present in 
the environment. Kinetic data is also necessary for the further development and 
validation of computational models (such as quantitative structure-activity 
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relationships, QSARs) that can facilitate the prediction of the ozone reactivity of 
different compounds. 
As with other oxidants, an important issue in ozonation is the formation and the 
properties of transformation products and by-products. One of the starting points of 
this PhD was to investigate the fate of the ozonation products of trace organic 
contaminants in sand filtration post-treatment. Available literature reported that 
dissolved organic matter becomes more biodegradable during ozonation and can 
therefore be easily removed with a biofiltration step after ozonation (2, 3). It was not 
clear, however, whether this extends to trace organic contaminants, which exhibit a 
wide range of complex molecular structures and unique functional characteristics (4). 
Using a novel low-cost laboratory setup suitable for long-term continuous tests, we 
showed that the ozonation products of certain trace organic contaminants are 
recalcitrant to biodegradation and may be present in the final effluent discharged into 
the environment. We also demonstrated that the developed laboratory setup produced 
results that were in good agreement with previous large-scale studies, indicating that 
our experimental approach can be a valuable tool to enhance the understanding of the 
fate of trace organic contaminants in ozonation-biofiltration and other advanced 
treatment schemes. 
The identified ozonation products of trace organic contaminants can rarely account 
for the entire amount of the parent compound that is transformed by ozone. This 
suggests that some ozonation products remain unknown, especially those that are 
difficult to analyse with commonly used analytical techniques. In the case of furans, 
we used an amino acid derivatisation method to detect a class of ozonation products 
that has recently attracted attention in aqueous oxidation processes: α,β-unsaturated 
dicarbonyls (5). The employed analytical method also demonstrates the reactivity of 
the α,β-unsaturated dicarbonyls with biomolecules, and therefore their 
ecotoxicological relevance. A greater focus needs to be placed on the development 
and application of diverse analytical techniques that can capture a wider range of 
transformation processes induced by ozone. A combination of target and non-target 
mass spectrometry with bioassays appears to be a promising approach. 
One way of minimising the formation of hazardous ozonation by-products, such as 
bromate, is the optimisation of reactor design (6). We investigated an alternative 
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method of ozone delivery that uses membrane contactors to achieve bubble-less 
transfer of ozone gas into the aqueous matrix. Based on experiments with two 
membrane materials and two membrane configurations, we identified key benefits 
(e.g. easy control of the ozone dosage) and drawbacks (e.g. high localised ozone 
concentrations) of membrane ozonation. Our study is one of the first to use a realistic 
downsized commercial membrane module to treat several real water and wastewater 
matrices. Membrane ozonation may achieve high treatment performance, but only 
with specific operational conditions and reactor characteristics, for example optimised 
water residence time and uniform distribution of the ozone gas. Performing a 
meaningful comparison between membrane ozonation and conventional ozonation is 
currently challenging due to the lack of data from large-scale membrane ozonation 
systems. 
Overall, this thesis has made important contributions to the research of ozonation 
products and ozone mass transfer, and their implications for water and wastewater 
treatment. The investigated topics relate to major issues of modern ozonation 
treatment, such as the formation of persistent and hazardous by-products and the 
development of efficient reactors and processes. By developing several laboratory 
systems, the work presented here will also facilitate future research in this field. 
 
6.2 Future work and impact 
Despite advances and discoveries over several decades, the field of ozonation 
treatment includes several knowledge gaps. These gaps mainly concern the 
identification and characterisation of the transformation products formed from the 
organic and inorganic compounds, and the development of risk mitigating solutions 
when necessary, such as optimisation of both the ozonation process and post-
treatment steps. The main barriers to addressing these knowledge gaps are 
a) limitations of existing analytical techniques, including high cost and need for 
specialised personnel; b) the ever-increasing number of synthetic chemicals that exist 
in the already complex and highly variable water or wastewater matrix; c) the lack or 
limited scope of regulations regarding trace organic contaminants, transformation 
products and tertiary or advanced treatment. Future work is therefore proposed, both 
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for the specific topics that were studied in this thesis, and for the wider ozonation 
field. Finally, the impact that this thesis can have on policy and practice is described. 
 
6.2.1 Future work on the specific topics of this thesis 
The COMBI system opens numerous opportunities for research on the ozonation-
biofiltration scheme with low requirements of resources, for example comparison of 
different filtration media and configurations (e.g. pre-ozonation versus post-
ozonation). An aspect that was beyond the scope of our study is investigating the 
microbial community that develops under different pre-ozonation conditions (e.g. 
using ATP assays for microbial activity or advanced sequencing analysis of microbial 
community structure) (7). It is also important to examine whether the microbial 
community characteristics observed in large-scale systems can be replicated by a 
laboratory setup like the developed COMBI system (8). The COMBI setup could be 
improved by the addition of redox probes in the filtration columns, to better 
characterise the established biofiltration conditions.  
Future research on membrane ozonation should focus on scaling up the technology, 
which will provide more data to perform a techno-economic assessment and a 
comparison with conventional ozonation systems. In addition, pilot-scale systems 
would facilitate long-term experiments (e.g. to assess membrane stability) that are 
often not possible in the lab due to safety concerns. Recycling of the off-gas needs to 
be developed and incorporated in the techno-economic assessment. Modelling and 
simulations should be used to support the design of membrane modules with improved 
mass transfer characteristics and to optimise the process parameters (9).  
Our study on the aqueous ozonation of furans was the first one on this topic, which 
means that additional work should follow. In particular, the reaction mechanism 
should be better elucidated, including the role of OH radicals and the products formed 
from further oxidation of α,β-unsaturated dicarbonyls. In addition, the kinetics of 
furans with more types of substituents, such as halogens, should be studied, which 
could lead to the development of a predictive model for the ozone reactivity of furan-
containing contaminants (10). Experiments with real complex water matrices should 
be performed to analyse the total yield of α,β-unsaturated dicarbonyls from all furans 
and potentially from other compounds present. 
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6.2.2 General directions for future research  
At a more general level, future work on the ozonation products of trace organic 
contaminants should put greater emphasis on quantifying the concentrations that are 
formed under different conditions. Combined with analytical approaches involving 
high-resolution mass spectrometry for suspect and non-target screening, 
quantification can help close the mass balance and fully elucidate the ozone 
transformation pathways. Moreover, the major properties of the ozonation products, 
such as toxicity and persistence, need to be studied in order to evaluate the effects of 
the treatment. For example, the application of bioassays can help identify toxic 
transformation products that should be prioritised in further investigations (11). 
Synthesis or isolation from laboratory samples of ozonation products to produce 
standards in cases when they are not commercially available is required for both 
quantification and measurement of bio-physico-chemical properties (12, 13).  
More quantitative data (rather than qualitative trends) are needed to perform a risk 
assessment of ozonated waters and inform policy and practice related to ozonation 
treatment. For instance, low yields of highly toxic products were observed for furans 
(Chapter 5), indicating the need to further evaluate the expected risk to human or 
environmental health, taking into account the total concentration of precursors that 
may be present in the water being treated. The risk associated with the formation of 
potentially hazardous by-products should be assessed within the framework of other 
risks that increase or decrease during ozonation treatment (e.g. the concentrations of 
parent compounds are reduced, other water quality parameters are also 
improved) (14). Different applications such as production of drinking water or 
polishing of wastewater effluent require separate assessments (15).  
As ozonation is increasingly applied for water and wastewater treatment, on-going 
research should ensure that it is a sustainable technology, namely that it does not 
compromise water quality through the creation of hazardous by-products, and that it 
is energy-efficient (16). The cost, energy consumption and carbon footprint of 
advanced treatment including ozonation needs to be examined in the context of 
climate change and the efforts towards a net zero water sector undertaken in the UK 
and other countries. Multi-barrier approaches combining advanced oxidation 
processes with nature-based solutions, for example constructed wetlands (17), may 
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achieve high treatment performance and compliance with environmental and water 
quality standards, whilst minimising the required ozone production. 
 
6.2.3 Impact on policy and ozonation practice 
The research results presented here can provide valuable information to regulatory 
agencies regarding the properties and risks of transformation products and potential 
mitigating solutions. As policy on trace organic contaminants evolves (18), studies 
demonstrating that their transformation products can be persistent (Chapter 3) or toxic 
(Chapter 5) highlight the need to include this aspect in future policy. 
Water and wastewater utilities employing ozonation treatment can benefit greatly 
from the findings of this PhD. When there are specific compounds or groups of 
compounds that cause concern due to environmental occurrence evidence and/or 
proposed regulations, information on ozone reactivity (Chapters 2 and 5) should be 
reviewed to assess whether ozonation is likely to be an appropriate solution. In 
addition, if the installation of ozonation treatment is considered for a specific 
waterworks or wastewater treatment plant, a resource-efficient COMBI system 
(Chapter 3) can be easily set up on-site to provide initial information on process 
performance with regards to trace organic contaminants, transformation products or 
other water quality parameters that depend strongly on the water or wastewater matrix. 
For ozonation plants facing issues with ozone mass transfer, foaming, or control of 
the ozone dosage, trialling bubble-less ozonation using membrane contactors may be 
considered (Chapter 4). The membrane ozonation results will also be of interest to 
manufacturers of membranes and membrane modules. 
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